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Stellingen 
1. De verspreiding van BNYVV in zijwortels van biet wordt overwegend veroorzaakt 
door een combinatie van herhaalde infectie door de bodemschimmel Polymyxa 
betae en lokaal virus transport. 
Dit proefschrift 
2. Het resistentiegen Rz2 uit WB42 verschilt van het resistentiegen Rz1 uit Holly en 
kan dan ook beschouwd worden als een waardevolle aanwinst voor de 
bietenveredeling. 
Dit proefschrift 
3. Genetische en moleculaire karakterisering van resistente accessies, alvorens 
deze in een resistentieveredelingsprogramma te gebruiken, is zinvol om te 
voorkomen dat herhaalde pogingen om sterk gekoppelde of zelfs identieke 
genen te stapelen op niets uitlopen. 
Dit proefschrift 
4. Als het transport van BNYVV al zou plaatsvinden via het xyleem, dan kan, uit 
het geringe voorkomen van het virus in de hoofdwortels van biet en de zeldzame 
infecties van bovengrondse delen van dit gewas, geconcludeerd worden dat dit 
proces niet erg efficient is. 
Kaufmann et al. (1993) Archives of Virology 126: 329-335 
5. Als gevolg van het uiteenvallen van sporenklusters van Polymyxa betae, een 
natuurlijk proces dat in de loop der tijd plaatsvindt, kan de hoeveelheid 
infectieuze eenheden in de grond zodanig veranderen, dat toepassing van de 
most probable number methode in epidemiologische studies niet verantwoord is. 
De Hei] (1996) Gewasbescherming 27: 119-124 
6. De hypothese van Fischer (1989) dat suikerbiet ontstaan is uit een kruising 
tussen een voederbiet en een snijbiet is in tegenspraak met het lage niveau van 
overeenkomst tussen suikerbiet en snijbiet op DNA-niveau. 
Fischer (1989) Euphytica 41: 75-80 
Jung et al. (1993) Theoretical and Applied Genetics 86:449-457 
7. Het combineren van resistentiegenen tegen Polymyxa betae uit de sectie 
Procumbentes en resistentiegenen tegen BNYVV, zal niet leiden tot een 
verhoogde rhizomanieresistentie maar wel tot een verminderde virus-
multiplicatie. 
8. Het identificeren van moleculaire merkers gekoppeld aan resistentiegenen staat 
of valt met de beschikbaarheid van een goede ziekteresistentietoets. 
9. Het vertalen van namen van plantenvirussen uit het Engels naar het Nederlands 
voordat de betreffende virussen in Nederland zijn waargenomen, kan tot een 
naamgeving leiden die bij de praktijk geen aansluiting vindt. 
10. Verplicht ouderschapsverlof voor mannen, bijvoorbeeld aansluitend op zwanger-
schapsverlof voor vrouwen, zou zowel de emancipatie van de man als van de 
vrouw ten goede komen. 
11. De protestmethoden, die aangewend worden door anti-abortus-bewegingen in 
de Verenigde Staten, in de vorm van bomaanslagen op klinieken, gaan gepaard 
met risico's, die in schril contrast staan met het respect voor leven dat deze 
bewegingen nastreven. 
12. Als symbolische compensatie van het papierverbruik van promovendi zouden zij 
aan het begin van hun projekt een boom moeten planten. 
13. Rhizomanie in suikerbiet is een probleem dat bij de wortel moet worden 
aangepakt. 
Stellingen behorende bij het proefschrift, getiteld 'Characterisation and inheritance of 
resistance to beet necrotic yellow vein virus in Beta', door Olga E. Scholten. 
Wageningen, 30 mei 1997 
Abstract 
Beet necrotic yellow vein virus (BNYVV) is the causal agent of rhizomania in sugar 
beet. The virus is transmitted by the soil-borne fungus Polymyxa betae. Both the 
multiplication and distribution of BNYVV in rootlets of the sugar beet selection 
Beta vulgaris subsp. vulgaris Holly-1-4 differed from those in the wild beet accession 
B. vulgaris subsp. maritima WB42, which possibly is the result of differences in the 
mechanism of resistance. Also, inheritance studies using progenies of crosses 
between Holly or WB42 and susceptible plants demonstrated that resistance in 
WB42 was more effective against BNYVV than resistance in Holly-1-4 and that this 
difference had a genetic base. Studies on allelism between Holly-1-4 and WB42 
indicated the presence of closely linked loci in these accessions. The name Rz2 is 
proposed to refer to the resistance gene in WB42. Consequently the gene Rz in 
Holly should be referred to as Rz1. Molecular marker studies also indicated the 
presence of identical or closely linked loci in Holly-1-4 and two other accessions 
R104 and R128, with resistance derived from subsp. maritima and subsp. vulgaris, 
respectively. 
'It must be realised that after useful transgenic plants become available, they must 
be cleaned up and stabilised by conventional breeding and selection, and field 
tested under regulatory controls. Therefore, it is essential that close dialogue takes 
place between cellular and molecular biologists and breeders and geneticists.' 
Vasil, 1988 
Voor mijn ouders 
Voor Theo 
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Chapter 1 
General introduction 
Rhizomania is a disease of sugar beet (Beta vulgaris L), caused by beet necrotic 
yellow vein virus (BNYVV) (Tamada and Baba 1973, Tamada 1975). The virus has 
been classified as a furovirus (Brunt 1992, Shirako and Brakke 1984) and is 
transmitted by the soil-borne pathogen Polymyxa betae Keskin (Keskin 1964). When 
sugar beets are grown in infested fields, zoospores of the fungus are released from 
cystosori or resting spores and infect root hairs or epidermal cells of the roots 
(Keskin 1964, Keskin and Fuchs 1969, Barr and Asher 1996). At that time rootlets 
will become infected with BNYVV carried by viruliferous zoospores, which occur in a 
variable but relatively low proportion. For some soil samples in the Netherlands, it 
was estimated that about 10-15 % of the fungal spores contained BNYVV (Tuitert 
1990). After penetration of the fungus into the root cells, Plasmodia will develop into 
zoosporangia, from which new zoospores are released within a few days (Keskin 
1964). Plasmodia of P. betae may also form cystosori, which can survive in the soil 
for many years. The virus replicates in plant cells, and there is no evidence for 
multiplication in the fungus (Abe and Tamada 1986). After multiplication, the virus 
will be acquired by the fungus, presumably through the membrane of the thalli, and 
will accumulate in the Plasmodia (Teakle 1983). The acquisition of the virus by 
Plasmodia has been described by Rysanek et al. (1992), who observed virus within 
numerous vacuoles in young immature Plasmodia. 
In the field, rhizomania is characterised by the formation of an unruly mass of 
fibrous roots, giving the storage root a beard-like appearance, from which the name 
of the disease is derived (Richard-Molard 1985, Brunt and Richards 1989, Putz et al. 
1990). In severely affected plants the tap root and lateral roots are killed, and the 
vascular tissue gets a light brown colour (Brunt and Richards 1989). Leaf symptoms 
This chapter has been submitted for publication in a slightly modified version as part of a 
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may consist of variable degrees of chlorosis, and occasionally plants can be found 
with yellowing, crinkling, wilting and necrotic vein-yellowing, which is a result of 
systemic infection of the plant (Tamada 1975). Since the symptoms caused by 
systemic infection appear only rarely, their presence cannot be used as a general 
diagnostic tool (Richard-Molard 1985, Brunt and Richards 1989, Putz et al. 1990). 
For a positive identification of the disease the application of ELISA is required (Clark 
and Adams 1977, Koenig et al. 1987, Alderlieste and Van Eeuwijk 1992). Severe 
rhizomania infection leads to reduction in yield of 50 % or more (Johansson 1985, 
Richard-Molard 1985), whereas the sugar content can be reduced from 16-18 % to 
less than 10 % (Heijbroek 1985). Also the physiology of the storage root becomes 
affected by the infection, resulting in an enhanced sodium and a reduced a-amino-
nitrogen content. These changes lead to difficulties in extracting the sugar and 
reduce the value of the beet root as a sugar source (Hillmann 1984, Giunchedi et al. 
1987). 
Rhizomania was first found in Italy (Canova 1959) and later in Japan (Masuda et 
al. 1969). From that time on it seemed to be distributed over most sugar beet 
growing areas in the world (Brunt and Richards 1989, Schaufele 1989, Asher 1993, 
Putz et al. 1990). In California rhizomania is currently the major cause of a decline in 
sugar beet production (Rush and Heidel 1995). The fungus P. betae has been 
distributed even wider than the virus (Brunt and Richards 1989). The spread of the 
disease is undoubtedly brought about by the use of machinery on contaminated 
land, transportation of infested soil and the application of irrigation (Richard-Molard 
1985). In order to prevent or to slow down the further spread of the disease, 
measures have been taken, including the destruction of infected crops, cropping 
restrictions on affected farms, and hygiene measures (Richard-Molard 1985, Asher 
and Henry 1993). The initial entry of BNYVV into a field will normally go undetected. 
By the time rhizomania is detected, the virus has already been widely dispersed 
(Lewellen and Biancardi 1990). Artificial inoculation of a field with only about 
five grams of infested soil per square meter, just before sowing a susceptible sugar 
beet cultivar, caused already in the first year a reduction of the sugar content (Tuitert 
and Hofmeester 1992, 1994). After two successive years of growing a susceptible 
sugar beet cultivar, the BNYVV infestation had reached such high levels that not 
only the sugar content, but also the root yield was significantly reduced (Tuitert and 
Hofmeester 1994). 
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The pathogen causing rhizomania in sugar beet is the virus, whereas P. betae 
only acts as the vector (Fujisawa and Sugimoto 1977, Giunchedi and Langenberg 
1982, Ivanovic 1985, Abe and Tamada 1986, Gerik and Duff us 1988). BNYVV 
infects all cultivars of sugar beet, fodder beet, garden beet, leaf beet, spinach and 
several other species of the Chenopodiaceae. Although P. betae is able to infect 
several weed species with BNYVV, it is likely that reservoirs of the virus in the field 
are predominantly developed in Beta species (Tamada and Baba 1973, Abe and 
Tamada 1986, Abe and Ui 1986, Schlösser 1989, Asher and Barr 1990, Hugo et al. 
1996). 
Furoviruses are distinguished from other viruses because of their transmission 
by fungi, their particle morphology (rigid rod-shaped virions), and their divided 
genome, consisting of two or four plus-strand RNAs (Shirako and Brakke 1984). The 
biology and molecular biology of furoviruses has been reviewed by Brunt and 
Richards (1989), whereas BNYVV has been reviewed by Putz et al. (1990). In roots 
of infected sugar beet all four genome components of BNYVV are invariable present 
(Koenig et al. 1986). The four particles are respectively 390, 265, 100 and 85 nm 
long and 20 nm wide. RNA 1 encodes the viral RNA-polymerase, whereas RNA 2 
encodes the 21 kD coat protein (Koenig et al. 1986, Lemaire et al. 1988, Tamada 
and Abe 1989) and three other proteins, which are required for efficient cell-to-cell 
movement (Gilmer et al. 1992). RNA 3 has effects on symptom expression and may 
facilitate viral multiplication and the spread of the virus in the roots of sugar beets 
(Koenig and Burgermeister 1989, Tamada and Abe 1989, Koenig et al. 1991, Jupin 
et al. 1992). RNA 4 plays a role in the transmission by the fungus (Koenig and 
Burgermeister 1989, Tamada and Abe 1989, Richards and Tamada 1992). A fifth 
RNA species was found in a Japanese isolate (Tamada et al. 1989). Mechanical 
inoculation of B. macrocarpa Guss., a systemic host of the virus, with BNYVV 
composed of different RNAs showed that isolates containing RNA 5 may be more 
virulent than isolates without this RNA segment (Tamada et al. 1990). 
The four European RNA strands of BNYVV have been completely sequenced by 
Bouzoubaa et al. (1985, 1986, 1987), whereas the nucleotide sequence of the 
Japanese RNA 5 has been determined by Kiguchi et al. (1996). Different strains of 
the virus were characterised on the base of the type of local lesions produced on 
leaves of Tetrachonia expansa L. (Tamada et al. 1989). When the RNA was 
investigated in more detail, it appeared that the strains contained RNA 3 and RNA 4 
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segments, differing in length from the wild type. Deletions also occurred in these two 
small RNAs after multiplication in mechanically inoculated leaves of Chenopodium 
quinoa Willd. (Bouzoubaa et al. 1985, Burgermeister et al. 1986, Kuszala et al. 
1986). Koenig et al. (1994) investigated BNYVV in soil samples from all over Europe 
and could distinguish two major strain groups (types) of BNYVV by means of RFLP 
analysis of RT-PCR products. The so-called A-type was found in most European 
countries. Another type, named B, was observed in Germany and the upper Rhine 
valley in France. Mixed infections with these types were found on the borders of the 
two countries (Kruse et al. 1994) and in England (Koenig et al. 1995). In the region 
around the French town Pithiviers a third type was found, called P, which contains a 
fifth RNA. Considerable differences were detected between the sequences of RNA 5 
of the European and the Japanese sources (Koenig et al. 1997). The two groups of 
sources are distinguished by 37 point mutations and 20 insertion/deletion mutations, 
corresponding to circa 4.2 % of the total sequence. Experiments were carried out to 
investigate whether these three different virus types could be different pathotypes of 
BNYVV. Statistical analysis of field experiments showed interaction effects between 
cultivars and locations which were infested with the A-, B- or P-type, and indicated 
the possible existence of such pathotypes (Van Eeuwijk and Keizer 1996). 
Preliminary results of greenhouse experiments carried out by Büttner and Märländer 
(1996) confirmed this conclusion. 
All furovirus vectors are plasmodiophoromycetes, which are obligate parasites of 
roots and tubers (Brunt and Richards 1989). The development of a system to grow 
P. betae in vitro would facilitate the study of the biology of this vector and would 
make it possible to carry out tests to evaluate the resistance of beet accessions and 
biological antagonists. Another means for studying the fungus is the use of 
zoospores of P. betae in nutrient solutions as described by Peters and Godfrey-
Veltman (1989), Dahm and Buchenauer (1993) and Paul et al. (1993b). At the 
beginning of the life cycle the fungus mainly produces zoospores, whereas at later 
stages Plasmodia develop into resting spores. Dahm and Buchenauer (1993) 
observed that eventually in nearly every epidermal root cell resting spores were 
present. A diminishing of the nutrient supply might induce the formation of cystosori. 
The development of a DNA probe and a set of nested PCR primers improved the 
detection of P. betae, early after infection, as these molecular techniques proved to 
be more sensitive than microscopic examination (Mutasa et al. 1993, 1995). 
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A remarkable feature of the interaction between persistent viruses and their 
vectors is the high stability and persistence during the resting stage of the fungus 
(Teakle 1983). In air-dried soil the infectivity of BNYVV was retained within P. betae 
cystosori or resting spores for at least 15 years (Abe and Tamada 1986). Therefore, 
it was not surprising that a change in crop rotation in which beets were grown once 
in every five years instead of every three years did not result in a decline of inoculum 
density in the soil (De Heij and Heijbroek 1989). To reduce damage, early sowing of 
sugar beet was recommended to obtain well established plants by the time soil 
temperatures are high enough for fungal activity (Blunt et al. 1992). Another method 
to circumvent early infection is the transplanting of beets in paper pots (Richard-
Molard 1985). Although a good drainage system slows down the spread of the 
disease in a field (De Heij and Heijbroek 1989), contamination of waterways may 
result through drainage from infested fields or possibly, also, from sugar factory 
effluent (Asher and Henry 1993). Fumigation with methyl bromide is the most 
effective way to reduce inoculum levels in the soil, however, neither this method nor 
other methods are clearly effective or economically feasible for the eradication of 
rhizomania under field conditions (Asher and Henry 1993). Therefore, breeding for 
resistance to rhizomania, either by conventional breeding programmes or through 
biotechnology, is considered to be critical to continue the production of sugar beets 
and to prevent further dispersal of the disease (Biircky and Büttner 1985, Johansson 
1985, Brunt and Richards 1989, Putz et al. 1990, Asher and Henry 1993). 
Outline of the thesis 
Resistance to BNYVV has been reported in accessions of Beta vulgaris L. subsp. 
vulgaris and subsp. maritima (L) Arcang. (Lewellen et al. 1987, Whitney 1989). The 
aim of the research described in this thesis was to gain more insight in the 
mechanisms and inheritance of resistance in Beta accessions for an optimal 
application of resistance in plant breeding programmes. In addition, combining 
distinct resistance genes may provide higher levels of resistance and enhance its 
durability. In Chapter 2, a review is presented on breeding for resistance to 
rhizomania. It includes the use of natural resistance genes to BNYVV and/or to 
P. betae and the possibilities of genetic engineering using the concept of pathogen 
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derived resistance. Mechanisms of natural resistance to BNYVV were studied by 
analysing the infection process in virus inoculated root tissues (Chapter 3). A 
comparison was made between the multiplication and distribution of BNYVV in cells 
of rootlets of resistant and susceptible accessions. Greenhouse tests were carried 
out to investigate the number of genes conferring resistance in segregating families 
(Chapter 4). Molecular markers, linked to resistance against rhizomania, can be of 
great help for breeding rhizomania resistant cultivars containing one or more 
resistance genes. Bulked segregant analysis was used to obtain random amplified 
polymorphic DNA (RAPD) markers, linked to resistance genes in various Beta 
accessions (Chapter 5). Some RAPD markers were converted into sequence tagged 
site (STS) markers which can be used in marker assisted selection. Segregation 
ratios of resistant and susceptible plants were estimated to test allelism of resistance 
genes in two Beta accessions (Chapter 6). The value of the STS markers linked to 
genes of both accessions was demonstrated as these markers could be used to 
confirm the results of the segregation analyses. Finally, possible strategies for 
breeding rhizomania resistant cultivars are discussed in Chapter 7. 
Chapter 2 
Breeding for resistance to rhizomania 
Introduction 
With a history of about 200 years, sugar beet, Beta vulgaris L, is one of the 
youngest major crop plants. In the 18th century, Archard selected the 'White Silesian 
beet', which contained about 6-10 % sucrose (see De Bock 1986, Poehlman 1979, 
Bosemark 1979, 1993). According to Fischer (1989) the 'White Silesian beet' can be 
regarded as the ancestor of the sugar beet and is supposed to originate from a 
cross between a typical fodder beet and a leaf beet. In contrast to this postulation, 
another hypothesis considered that the sugar beet originated from spontaneous 
crosses between the Silesian beet and North Atlantic forms of B. vulgaris subsp. 
maritima (L.) Arcang. (see Bosemark 1979, 1993). Improvements of the sugar 
content were obtained by selection in the Silesian beet based on progeny testing, a 
method introduced in 1837 by De Vilmorin (see De Bock 1986, Poehlman 1979, 
Bosemark 1979, 1993). Around 1850, the improvements led to the development of 
the 'Imperial beet' in Germany, which, according to Bosemark (1979), can be 
considered as the mother of the modern sugar beet. 
The genus Beta is divided in four sections: Beta, Corollinae, Procumbentes and 
Nanae (for taxonomie history, see Letschert et al. 1994). The wild taxa of the section 
Beta are diploid with 2n=2x=18 chromosomes, with the exception of tetraploid forms 
in the species B. macrocarpa Guss. (Lange and De Bock 1989). Autotetraploid 
material was introduced in sugar beet breeding in Europe in the early 1940s and 
gave rise to the so-called polyploid sugar beet cultivars, consisting of a mixture of 
tetraploid, triploid and diploid plants (see Bosemark 1993). In the mid-1960s these 
polyploid cultivars were largely replaced by triploid hybrid cultivars, which are 
This chapter has been submitted for publication in a slightly modified version as part of a 
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produced through a cytoplasmic-genic system of male sterility. Although sugarbeet 
is biennial, bolting and seed production can be induced in the first year through 
photothermal techniques, such as vernalisation at low temperatures. As a result of 
cross-pollination the crop is highly heterozygous (see De Bock 1986, Poehlman 
1979, Bosemark 1979). Because of continuous selection in sugar beet, some 
authors feared that the gene pool of sugar beet became too narrow (Bosemark 
1979). Introgression of wild beet germ plasm can broaden the genetic basis and 
should be valuable for the improvement of certain traits such as disease resistances 
(Bosemark 1989). The natural variation within the genus Beta and its possible use 
for breeding sugar beet, for example on resistance to pests and diseases, has been 
reviewed by Van Geyt et al. (1990). 
A high degree of phenotypic variation was detected in three gene pools of 
cultivated beet, viz. monogerm and multigerm sugar beet and fodder beet, by 
isozyme analysis (Nagamine et al. 1989a). The average polymorphism for isozymes 
in both sugar beet gene pools was significantly higher than in fodder beet. A 
considerable amount of genetic variation was also detected within closely related 
genetic material of sugar beet by RFLP analysis, using cDNA and genomic DNA 
sequences (Nagamine et al. 1989b, Mita et al. 1991, Hjerdin et al. 1994a, 1994b). 
Compared to Nagamine et al. (1989b) and Mita et al. (1991), Hjerdin et al. (1994a) 
estimated that the genetic distances within the section Beta are relatively large. This 
result is probably the effect of studying only one single plant as a representative of 
an accession instead of pooling DNA of several plants as was done by the other 
authors. Since sugar beet is cross-pollinated, individual plants are highly 
heterozygous and differ genetically within accessions. Low levels of genetic diversity 
within sugar beet cultivars were detected by Jung et al. (1993) using minisatellite 
DNA probes. In that study a high diversity was observed between sugar beet and 
Swiss chard cultivars. This result is in contrast with the hypothesis of Fischer (1989) 
that sugar beet originated from a cross between a fodder beet and a leaf beet. 
Mörchen et al. (1996) also observed a low genetic variation among cultivated beets 
with the use of simple sequence repeats, whereas a high variation was found among 
wild beets and an intermediate one among weed beets. Comparing the various 
studies it can be concluded that further detailed studies on genetic variation are 
needed to provide more insight in the genetic differences within and between 
accessions, based on DNA of several individual plants of each accession. 
Chapter 2 9_ 
In Europe and the USA sugar beet breeding has primarily focused on the 
production of monogerm hybrids. Cultivars have been developed through recurrent 
mass selection or family selection, but were also made by composing lines or by 
crosses among individual plants. Hybrids have been developed based on single, 
double or three way crosses (Poehlman 1979). Currently, sugar beet breeding aims 
at the development of cultivars with higher sugar yields and disease resistances. 
The character sugar yield is determined by the tonnage of beets per hectare, the 
percentage of sugar that can be extracted, and the purity of the juice, which affects 
the efficiency of the extraction process (Poehlman 1979). Breeding for disease 
resistance is nowadays mainly focused on resistance against rhizomania. The 
progress and prospects of breeding on the development of resistance against 
rhizomania will be the scope of this review. 
Breeding for resistance to rhizomania 
Resistance to beet necrotic yellow vein virus 
Plant breeding for resistance to rhizomania started around the late seventies 
and early eighties. At that time, in studies dealing with beet necrotic yellow vein virus 
(BNYVV), the terms resistance and tolerance were both used to describe the same 
phenomenon, and most authors preferred to use the latter term. As the so-called 
tolerant genotypes contained smaller amounts of virus in the roots than the 
susceptible control cultivars (Giunchedi et al. 1985, 1987, Bürcky and Büttner 1985, 
1991), it was emphasised that the term resistance or partial resistance is more 
appropriate (Van Geyt et al. 1990, Bürcky and Büttner 1991). The first attempts to 
select for resistance were based on differences in the occurrence of symptoms as 
yellowing or crinkling of leaves, yellowing of the veins and/or severity of root rot at 
harvest time in sugar beet cultivars and breeding lines grown in BNYVV-infested 
fields (Fujisawa et al. 1982). Also root yield and sugar content were investigated. 
Cultivars with partial resistance to rhizomania were not only characterised by a 
higher yield and sugar content, but also by a lower sodium and potassium content 
(Bürcky 1987). The first sugar beet material showing resistance to rhizomania 
derived from material with resistance to Cercospora beticola Sacc. (Johansson 
1985). This material originated from the Po valley in Italy (Bolz and Koch 1983). 
AO Chapter 2 
Giunchedi et al. (1985, 1987) reported significant correlations between virus 
concentration in tap roots of full grown sugar beet, and both sugar content and sugar 
yield. Around that time, Bürcky and Büttner (1985) demonstrated that differences in 
virus concentration between resistant and susceptible accessions could already be 
observed in the seedling stage. These observations led to the use of estimating the 
virus concentration in young sugar beet plants as an additional selection criterion in 
resistance breeding. This idea also encouraged the development and the use of 
greenhouse screening tests for the evaluation of the level of resistance of individual 
seedlings. Lateral roots were recommended for use in the greenhouse assay, since 
the virus could sometimes not be detected in young tap roots (Büttner and Bürcky 
1990). However, in field tests, tap roots proved to be better indicators of cultivar 
differences, because of a decrease of virus concentration in lateral rootlets at the 
end of the growing season (Bürcky and Büttner 1991). 
Several types of greenhouse tests have been described, based on the 
application of different inoculation methods. Abe and Tamada (1987) described an 
inoculation method in which resting spores or zoospores were added to seedlings 
which were transplanted in sand. Mixtures of sand and BNYVV-infested soil were 
used by Bürcky and Büttner (1985) and Paul et al. (1992a). The virus concentration 
in rootlets of plants grown in the greenhouse appeared to be highly correlated with 
the sugar content and with the quality parameters sodium and a-amino nitrogen 
content in the tap root of plants grown in infested fields (Paul et al. 1993c). The 
number of infected plants of a susceptible cultivar in a bioassay appeared to be an 
efficient method to assess the infection level in the field (Paul et al. 1993c), whereas 
the most probable number technique should be applied to quantify the infectious 
units in the soil (Tuitert 1990, Ciafardini 1991). For optimal discrimination between 
resistant and susceptible plants, Paul et al. (1992a) advised to grow the seedlings at 
22/17 °C (day/night), which is below the optimum temperature for the multiplication 
of both the fungus and the virus (Horak and Schlösser 1980, Asher and Blunt 1987, 
Blunt et al. 1991). Greenhouse tests based on BNYVV-infested soil, followed by the 
estimation of virus concentrations in rootlets of individual plants, reduce the need of 
breeders of using large numbers of fields with rhizomania infestation to test their 
material and thus increase the efficiency of breeding for resistance to rhizomania. 
Nowadays greenhouse tests are generally applied as an additional tool to test for 
rhizomania resistance. 
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Greenhouse tests in which zoospore suspensions were used as inoculum were 
only suitable for detecting accessions with a high level of resistance (Peters and 
Godfrey-Veltman 1989, Paul et al. 1993b). Other greenhouse tests were developed 
by Fujisawa and Sugimoto (1979) and Grassi et al. (1988), based on the mechanical 
inoculation of sugar beet leaves with BNYVV. In those tests resistance was 
investigated by scoring the number of local lesions and estimating the ELISA values 
of the leaves. Since the sensitivity of local lesion assays of leaves is apparently 
lower than the application of ELISA on roots (Putz et al. 1985), and differences exist 
in thickness of leaves of sugar beet and wild beet, mechanical inoculation of leaves 
and assaying the infection can not be considered as the most preferred method for 
the investigation of levels of resistance in breeding materials. 
'Dora' and 'Lena' were the first cultivars with partial resistance to rhizomania 
(Bolz and Koch 1983, Hecht 1989). A higher level of resistance was found in a 
diploid monogerm hybrid cultivar which was named 'Rizor' (Richard-Molard 1985, De 
Biaggi 1987). Resistance was also found in material from the ongoing breeding 
programmes of the USDA, in material developed at Fort Collins (Colorado, USA) for 
resistance to Rhizoctonia solani Kühn, in Alba germplasm and in a Holly Sugar 
Company source (Lewellen et al. 1987). Resistance to rhizomania seemed highly 
heritable (Lewellen and Skoyen 1989) as four selection cycles, based on individual 
plant performance, were already effective to improve populations (Lewellen and 
Biancardi 1990). Although the observed segregation ratios did not always fit the 
expected ratios, it was suggested that resistance from the Holly source was simply 
inherited and probably conditioned by one single gene, named Rz (Lewellen et al. 
1987, Lewellen 1988). Results of greenhouse tests, in which the inheritance of 
resistance in Holly has been studied in more detail, confirmed earlier observations 
(Scholten et al. 1996). Because of the relative ease to introgress a single dominant 
resistance gene in other breeding material, the accession Holly is now being widely 
exploited in breeding for rhizomania resistant cultivars. It was demonstrated 
experimentally that the level of resistance in Holly is high. However, when seedlings 
of Holly were inoculated directly by fresh zoospores in a nutrient solution, virus 
concentrations in rootlets were as high as in the susceptible sugar beet cultivar 
'Regina' (Paul et al. 1993b). Therefore, and also because of field experiences 
(RT Lewellen personal communication), it can be concluded that the Holly resistance 
may not be sufficient under severe rhizomania conditions. 
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Resistance to BNYVV was found in several accessions of subsp. maritima 
originating from Italy, France, England and Denmark, as for example in WB42 
(Fujisawa and Sugimoto 1979, Whitney 1986, 1989, Lewellen et al. 1987). 
Resistance in WB42 appeared to be more effective to BNYVV than resistance in 
Holly-1-4 (Paul et al. 1993b) and perhaps based on a different mechanism (Scholten 
et al. 1994). Resistance to BNYVV was also reported in B. corolliflora Zoss., 
B. intermedia Bunge and B. lomatogona Fisch, et Mey all belonging to section 
Corollinae (Paul et al. 1993a). Successful introgression of resistance genes from 
wild forms of the section Beta into cultivated beet had already been reported earlier 
(see De Bock 1986). Crosses between subsp. vulgaris and subsp. maritima were 
compatible and produced fertile progenies. However, seed production and quality 
(germination and emergence) were better on the sugar beet than on the maritima 
parent (Lewellen and Whitney 1993). Although resistance to BNYVV in subsp. 
maritima accession WB42 inherited dominantly, results were not conclusive, either 
visually or by ELISA, and did not allow simple classification of segregating families in 
resistant and susceptible plants (Lewellen et al. 1987, Whitney 1989). Greenhouse 
tests were evaluated using crosses between susceptible beets and WB42 to study 
the number of resistance genes in WB42 in more detail, but the results did not lead 
to an ultimate answer (Scholten et al. 1996). 
Resistance to P. betae 
Although breeding for resistance to rhizomania has primarily been focused on 
resistance to BNYVV, resistance to the vector has been evaluated as an alternative 
approach. Resistance to P. betae has not been observed in subsp. vulgaris 
(Fujisawa and Sugimoto 1979, Abe and Ui 1986, Paul et ai. 1992b, Barr et al. 1995). 
However, Gerik et al. (1987) reported resistance in some sugar beet cultivars. In the 
section Beta partial resistance to the fungus was found in subsp. maritima (Asher 
and Barr 1990). In the section Procumbentes complete resistance to P. betae was 
reported for B. patellaris Moq., B. procumbens Chr. Sm. and B. webbiana Moq. 
(Fujisawa and Sugimoto 1979, Abe and Ui 1986, Paul et al. 1992b, Barr et al. 1995). 
After microscopic examination resting spores could not be found in rootlets of these 
species, whereas an abundance of full and empty zoospores was observed on the 
rootlets of B. patellaris and B. procumbens, similarly as was observed on rootlets of 
B. vulgaris. This observation suggested not only attachment of zoospores to the 
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rootlets but also the penetration of zoospores in root cells (Barr et al. 1995). 
Evidence of even the earliest infection structures, the Plasmodia, were not found, 
indicating that resistance to the fungus in B. patellaris and Ö. procumbens operates 
at a very early stage after penetration. The application of nested PCR primers or a 
DNA probe, recently developed for the detection of P. betae, might simplify selection 
for resistance to the vector, because these techniques are more sensitive than 
microscopic examination (Mutasa et al. 1993, 1995). Hybrids between accessions of 
B. patellaris or B. procumbens and the susceptible subsp. vulgaris were used to 
study the inheritance of this type of resistance, which appeared to be dominantly 
inherited (Paul et al. 1992b). Further examination, using monosomic addition types, 
showed that resistance to P. betae is located on chromosome 4 and 8 of 
B. procumbens (Paul et al. 1992b) and on their possible homoeologues of 
B. patellaris, chromosome 4.1 and 8.1 (Mesbah et al. 1997). In the section 
Corollinae, resistance to P. betae was also observed in accessions of B. corolliflora, 
B. intermedia, B. trigyna Wald, et Kit., B. lomatogona, and B. macrorizha Stev. 
(Fujisawa and Sugimoto 1979, Paul et al. 1993a). 
Resistance to P. betae was associated with a reduction in the average virus 
concentration in the rootlets (Paul et al. 1992b, 1993a, Mesbah et al. 1997). 
Therefore, it is concluded that resistance to P. betae is an interesting approach to 
reduce the inoculum level in the soil and to retard the spread of the disease, 
especially when this trait is combined with resistance to BNYVV. Resistance to the 
fungus might also prevent infection with other viruses, such as beet soil-borne virus 
and Texas 7 (Prillwitz and Schlösser 1993, Heidel and Rush 1994). However, due to 
crossing barriers between the species of the section Procumbentes and B. vulgaris, 
perspectives of the use of resistance to P. betae in breeding for resistance to 
rhizomania seem to be limited (Van Geyt et al. 1990). Although it will not be an easy 
task, transformation of sugar beet with isolated resistance genes could be a valuable 
approach to obtain sugar beet cultivars with resistance to P. betae. The recent 
isolation of the gene Hs1pro'1, which confers resistance to the beet cyst nematode, 
demonstrated the value of the section Procumbentes for sugar beet breeding (Cai et 
al. 1997) 
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Progress obtained by breeding for resistance to rhizomania 
For evaluating the progress obtained by breeding for resistance, the production 
of sugar beets under BNYVV-infested and non-infested conditions needs to be 
compared (Winner 1988). Shortfalls in production of partially resistant cultivars were 
clearly illustrated in field tests carried out under severe rhizomania conditions (Asher 
and Henry 1993). In these tests, yields of 'Rima' and 'Rizor' were only about 70 % of 
those achieved by standard commercial cultivars in the absence of the disease. In 
fields with a low to moderate rhizomania infestation the resistant cultivars performed 
better than the susceptible cultivars (Winner 1988). However, when no infection 
occurred in these fields in a certain year, the yield of a resistant cultivar was lower 
compared to the yield of a susceptible cultivar (Bolz and Koch 1983, Hecht 1989). 
Recent breeding work resulted in a considerable improvement of the yield of 
rhizomania-resistant cultivars, so that the performance of resistant and susceptible 
cultivars on non-infested sites is almost comparable (Asher and Kerr 1996, 
W Heijbroek personal communication). Resistant cultivars can now be grown on 
infested fields without the risk of large yield losses. However, it is important to realise 
that if resistance to BNYVV in most of the newly developed cultivars will be based on 
the Holly resistance gene only, the risk of a breakthrough of the resistance gene 
increases, especially when such cultivars are grown in heavily BNYVV-infested 
fields. Without restrictions on the use of such resistant cultivars, there is no doubt 
that these cultivars will be widely used on all types of infected fields. Therefore, 
breeders should realise the importance of identifying other sources of resistance in 
the genus Beta, and the resistance should preferably be based on different 
mechanisms. Combining such sources of resistance could provide higher levels of 
resistance and protect the durability. 
Comparing the virus concentration in rootlets of individual plants of susceptible 
and resistant cultivars grown in the greenhouse is another method to demonstrate 
the progress obtained by conventional breeding. Virus concentration measured in 
individual plants of the early resistant cultivars varied widely from virtually zero to 
levels which can also be' found in the roots of susceptible cultivars. The new 
resistant cultivars exhibited a clear shift towards a low average virus concentration 
and in some accessions over 80 % of the plants were free of virus (Büttner et al. 
1995). The impact of such an improvement by breeding is also interesting from an 
epidemiological point of view as was shown by Tuitert et al. (1994), who compared 
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the effect of growing the partially resistant cultivar 'Rizor' and the susceptible cultivar 
'Regina' on the build-up of viruliferous inoculum in the soil. Although in field tests the 
inoculum was not always significantly affected, in controlled environments it was 
demonstrated that resting spores of the fungus developed in 'Rizor' were less 
viruliferous than those from 'Regina'. However, it was also shown that the level of 
resistance of the partially resistant cultivar was not sufficient to prevent the formation 
of viruliferous resting spores of P. betae. Therefore, it can be concluded that growing 
partially resistant cultivars will only obscure disease symptoms whilst the inoculum 
level will further build up and may generate problems for the future. Because of the 
low multiplication of BNYVV in the rootlets of recently developed highly resistant 
cultivars, it is expected that growing these cultivars may result in a decrease in the 
number of infective units in the soil as well as in the further spread of the disease 
(Asher and Kerr 1996). 
Rhizomania-resistant cultivars using the concept of pathogen-
derived resistance 
Virus resistance can also be obtained by genetic engineering of plants. The concept 
of pathogen-derived resistance (PDR) was first proposed by Sanford and Johnston 
(1985). Its application to obtain plant-virus resistance is based on the idea that 
transformation of a host plant with a viral gene would lead to untimely expression 
and/or deviant expression levels of the viral gene product, thereby interfering with 
the multiplication cycle of an infecting virus. PDR is a transgenic form of 'cross 
protection', which normally is based on the use of mild or symptomless strains of 
viruses to protect crops against closely related, but severely pathogenic virus strains 
(Fulton 1986). Furthermore, besides transformation with a wild-type viral gene, 
transformation with mutant gene versions can be considered. As discussed in 
several reviews (see Beachy et al. 1990, Wilson 1993, Hull 1994, Kavanagh and 
Spillane 1995, Lomonossoff 1995, Baulcombe 1996, Prins and Goldbach 1996) 
three types of viral genes have so far been successfully exploited to develop PDR. 
These are (1) the coat protein (CP) gene, aimed to block uncoating of an incoming 
virus, (2) the replicase gene, resulting in blockage of the viral genome replication 
process, and (3) the viral 'movement protein' gene, aiming at the blockage of viral 
™> Chapter 2 
cell-to-cell movement through the plasmodesmata. The approach of CP-mediated 
resistance was first demonstrated with DNA copies of the RNA-encoded CP gene of 
tobacco mosaic virus transferred into tobacco (Powell Abel et al. 1986). Results 
showed that transformed plants did not only produce immunologically detectable 
virus CP but also showed a great delay and reduction in disease symptoms after 
inoculation. Since then, CP-mediated protection has been used for various crops 
and virus diseases even though the mechanism of this type of resistance is not fully 
understood and the protection is not absolute (see Beachy et al. 1990, Wilson 1993, 
Hull 1994). Resistance may be the result of the accumulation of CP in transgenic 
plants, that interferes directly with the replication and transport of the invading virus 
(Beachy et al. 1990). The approach of replicase-mediated resistance has been 
reviewed by Carr and Zaitlin (1993) and Baulcombe (1996). Recent publications 
strongly suggest the involvement of replicase gene RNA sequences, rather than the 
protein, whereas for the approach of using defective viral movement proteins, 
expression of the protein resulted in reduced viral accumulation and inhibition of 
symptom development (see Prins and Goldbach 1996). 
Part of the successful resistance approaches, where PDR was originally aimed 
at translational expression of the transgene, turned out to be RNA-mediated. The 
molecular basis of RNA-mediated resistance was described by Lindbo et al. (1993). 
They proposed that the mechanism that resulted in degradation of transgenic RNA, 
might also be responsible for virus resistance. Studies on the mechanism of 
RNA-mediated resistance and observed similarities with the phenomenon of 
'co-suppression', i.e. a decrease in gene expression after transforming plants with 
additional copies of endogenous genes, have recently been reviewed (Baulcombe 
1996, Prins and Goldbach 1996). It is proposed that the mechanism is induced by 
transcriptional expression of transgenes and subsequent sequence specific RNA 
degradation. Upon entry of the virus, the viral RNAs, which have the same sequence 
as the transgene, are also targeted and degraded, resulting in virus resistance. 
Until now, for sugar beet mostly results of transformation with the CP gene of 
BNYVV have been described. Transformed sugar beet cells, showing resistance to 
the virus by expressing the CP, were already reported in 1990 (Kallerhof et al. 
1990). Ehlers et al. (1991) accomplished stable integration and expression of the CP 
gene in hairy roots of sugar beet. Also sugar beet plants transformed with the CP 
gene have been obtained. These plants showed resistance to BNYVV when tested 
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both in the greenhouse and in the field (Mindt 1995, Tenning 1995, Mannerlof 1996). 
Transgenic sugar beet plants carrying other sequences isolated from RNA 2 are 
currently being studied to compare their expression and their resistance 
mechanisms (M Lefèbvre personal communication). Virus concentration in rootlets 
of transgenic plants expressing the CP gene was lower than found in roots of the 
partially resistant cultivar 'Rizor' (Tenning 1995). The introduction on the market of 
CP-mediated rhizomania resistant cultivars may take place around the year 2000 
(Sikken 1990, Mindt 1995). 
Molecular markers for genetics and breeding 
Morphological, isozyme and molecular markers have been applied in plant breeding 
to increase selection efficiency. Marker-assisted selection (MAS) is based on the 
concept that it is possible to infer the presence of a gene from the presence of a 
marker, if a tight linkage has been established between them (Melchinger 1990, 
Lefebvre and Chèvre 1995). The application of several types of markers in plant 
breeding has been reviewed in detail by Tanksley (1983), Tanksley et al. (1989), 
Melchinger (1990), Waugh and Powell (1992), Newbury and Ford-Lloyd (1993), 
Lefebvre and Chèvre (1995), Michelmore (1995) and Morell et al. (1995). The 
advantage of molecular markers, in comparison to morphological and isozyme 
markers, is that they allow the direct comparison of genetic material of individual 
plants and avoid environmental influence on gene expression. In addition, their 
number is virtually infinite. Restriction fragment length polymorphic (RFLP) markers 
(Botstein et al. 1980) and random amplified polymorphic DNA (RAPD) markers 
(Welsh and McClelland 1990, Williams et al. 1990) are two types of molecular 
markers that have widely and successfully been applied in several crops. If 
knowledge of suitable DNA sequences is available, PCR can be used to amplify 
sequence tagged site (STS) markers (Olson et al. 1989) or sequence characterised 
amplified region (SCAR) markers (Paran and Michelmore 1993). Recently, a very 
powerful type of molecular marker has been developed, the so-called amplified 
fragment length polymorphic (AFLP) markers, which are based on the selective PCR 
amplification of restriction fragments from a total digest of genomic DNA (Zabeau 
and Vos 1993, Vos et al. 1995). 
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For the rapid identification of markers tightly linked to a gene of interest near-
isogenic lines (NILs) have been used in many crops. This approach has been 
replaced largely by bulked segregant analysis (BSA, Michelmore et al. 1991). BSA 
allows the mapping of monogenic resistance genes in segregating populations by 
comparing two pools of DNA from individual plants. BSA is also applicable for the 
isolation of markers from specific chromosomal intervals using DNA pools from 
existing mapping populations as was demonstrated by Giovannoni et al. (1991). 
Molecular markers can be used for the construction of a genetic linkage map, 
which is a graphical representation of an array of loci (Lefebvre and Chèvre 1995). 
The relative distance between the markers is determined by the recombination 
frequencies among homologous chromosomes carrying different alleles (Tanksley et 
al. 1988). Nowadays, the construction of linkage maps is facilitated with the aid of 
computer programmes, such as JoinMap (Stam 1993, Stam and Van Ooijen, 1995) 
and MAPMAKER (Lander et al. 1987). Genetic maps have been published of almost 
all important agricultural and vegetable crops, for some trees and for Arabidopsis. 
Linkage maps of sugar beet have been published by Barzen et al. (1992, 1995), 
Pillen et al. (1992, 1993), Schondelmaier et al. (1995), Uphoff and Wricke (1995) 
and Halldén et al. (1996). These maps are based on the mapping of RFLP and 
RAPD loci on the nine linkage groups of B. vulgaris. Recently, also AFLP markers 
were integrated into a linkage map (Schondelmaier et al. 1996). For sugar beet, 
molecular markers linked to several genes of economic importance have been 
identified, such as markers for disease resistances, like rhizomania resistance 
(Barzen et al. 1992, Pelsy et al. 1995, Pelsy and Merdinoglu 1996, Scholten et al. 
1995, 1997) and nematode resistance (Jung et al. 1992, Salentijn et al. 1992, 1994, 
1995, Heller et al. 1996), as well as markers for other traits, such as monogermy 
(Barzen et al. 1992), restoration of male fertility (Pillen et al. 1993), and bolting 
behaviour (Boudry et al. 1994). Compared to other crops, such as potato and 
tomato, molecular markers and linkage maps of sugar beet are useful to a limited 
extent only, since their usage is restricted to particular breeding companies owning 
them. Besides this, the linkage maps have been constructed based on only one or a 
few populations, without investigating the relation between linkage groups and 
chromosomes. After standardisation of the nine sugar beet chromosomes, more 
insight might be obtained in the inheritance of agronomically interesting traits. 
Therefore, the construction of an integrated map based on all available markers 
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segregating in several populations would be of great help in sugar beet research and 
breeding. 
Breeding for resistance to rhizomania aims at improving cultivars or lines 
through selection of parents and their progenies using phenotypic features, which 
are the result of genotypic and environmental variation. Molecular markers are 
useful in selection programmes for disease resistance, which are hampered by the 
fact that it is difficult to ensure uniform exposure to inoculum in the field (Melchinger 
1990, Newbury and Ford-Lloyd 1993, Michelmore 1995). Resistance to rhizomania 
in sugar beet is a character that can very well be determined in greenhouse tests 
using mixtures of sand and infested soil. However, such tests need to be carried out 
with precision and require a great effort. One of the most obvious requirements for 
investigating rhizomania resistance is a screening method which can routinely be 
applied on a scale of many thousands of plants to be tested each year (Asher 1989). 
Probably the best improvement in screening for resistance to rhizomania has been 
the development of selectable molecular markers. Such markers reduce the need 
for testing large numbers of plants grown in the greenhouse under artificial infection, 
or in fields contaminated by the virus. In addition, they can be used to identify 
resistant plants at a very early developmental stage, saving considerable time in the 
production of new cultivars. Molecular markers are also valuable to combine sources 
of resistance and to study whether resistance genes are alleles or that they belong 
to different loci. 
Concluding remarks 
Currently rhizomania is the most important disease in sugar beet in Western Europe 
and the USA. During the resting stage of the fungus in the soil, the persistence of 
BNYVV and P. betae is very high. Culture measures such as crop rotation or soil 
fumigation with methyl bromide do neither result in a decline of inoculum in the soil 
nor effectively reduce the damage that can occur after rhizomania infection. 
Breeding sugar beet cultivars with resistance to rhizomania is regarded as the most 
appropriate way to continue the growth in BNYVV-infested fields and to prevent 
further dispersal of the disease (Bürcky and Büttner 1985, Johansson 1985, Brunt 
and Richards 1989, Putz et al. 1990). 
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Breeding for resistance originally started with selection by scoring disease 
symptoms in field experiments and was directed towards the incidence of BNYVV. 
The development of non-destructive greenhouse tests in which young seedlings are 
tested for their level of resistance was greatly stimulated by the observation that the 
virus concentration in rootlets estimated by ELISA was negetatively correlated with 
the sugar yield under infested conditions. Greenhouse and field tests have now 
been incorporated in breeding programmes to select plants with rhizomania 
resistance. Compared to susceptible cultivars, the first partially resistant cultivars 
had lower yields under non-infested conditions. Through breeding, the yield of the 
recently introduced resistant cultivars has been improved significantly. An alternative 
approach to natural resistance genes offers the concept of PDR through 
transformation of sugar beets with parts of the genome of BNYVV. Molecular 
markers linked to rhizomania resistance genes will speed up the breeding process 
as less plants need to be tested in the greenhouse and/or in the field. Advances in 
molecular biology might be of help to isolate genes conferring resistance to BNYVV. 
Although breeding for resistance to P. betae was not very successful yet, due to the 
absence of sufficient resistance in Beta vulgaris subsp. vulgaris and subsp. 
maritima, the isolation of such genes originating from the section Procumbentes will 
certainly contribute to the breeding process. Transformation of sugar beet with these 
genes alone or combined with virus-resistance genes might eventually result in 
sugar beet cultivars in which hardly any virus will enter or multiply. 
Chapter 3 
In situ localisation of beet necrotic yellow vein virus in 
rootlets of susceptible and resistant beet plants 
Abstract 
Mechanisms of resistance to beet necrotic yellow vein virus (BNYVV) were studied 
by comparing the multiplication and distribution of BNYVV in root tissue of some 
beet accessions. Seedlings were infected either by soil containing resting spores of 
Polymyxa betae with BNYVV, or by a viruliferous zoospore suspension. With both 
inoculation methods high virus concentrations were obtained in rootlets of the 
susceptible cultivar 'Regina'. Using infested soil, low virus concentrations were found 
in the partially resistant cultivar 'Rima' and in the resistant accessions Holly and 
WB42. When a zoospore suspension was used, similar virus concentrations 
occurred in 'Rima' and Holly as in 'Regina', while a low virus concentration was 
found in WB42. By in situ localisation studies, using immunogold-silver labelling, 
virus was detected in 'Regina' after infection through soil or a zoospore suspension, 
but it could only be detected in the resistant accessions after infection by a zoospore 
suspension. In rootlets of 'Regina', 'Rima' and Holly, virus was found in the 
epidermis, cortex parenchyma, endodermis, and interstitial parenchyma, but in 
general not inside the vascular tissue. In WB42 the virus, occurring in small 
aggregates, seemed to be restricted to the epidermis and some cortex parenchyma 
cells. Comparing both the multiplication and distribution of BNYVV in rootlets of the 
accessions studied, it is concluded that the virus resistance mechanism in 'Rima' 
and Holly is different from that in WB42. 
This chapter has been published in a slightly modified version by Scholten OE, Paul H, 
Peters D, Van Lent JWM and Goldbach RW (1994) in Archives of Virology 136: 349-361. 
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Introduction 
Beet necrotic yellow vein virus (BNYVV) causes rhizomania in sugar beet (Beta 
vulgaris L). Severe infections of sugar beets with BNYVV lead to significant 
decreases in yield and sugar content, while the disease is associated with the 
induction of an unruly mass of fibrous roots, giving a beard-like appearance around 
the storage root (Richard-Molard 1985). Infected sugar beet plants show leaves with 
variable degrees of chlorosis (Tamada 1975). Occasionally, plants can be found with 
necrotic vein yellowing and crinkling. 
BNYVV, a rod-shaped virus, has been classified as a furovirus (Shirako and 
Brakke 1984, Brunt 1992). This virus is transmitted by the plasmodiophoromycete 
fungus Polymyxa betae Keskin, a soil-borne pathogen (Fujisawa and Sugimoto 
1977, Abe and Tamada 1986). In the presence of roots of host plants, zoospores of 
P. betae are released from resting spores (cystosori) and infect root hairs or 
epidermal cells of the roots. After penetration of zoospores into root cells, Plasmodia 
will be produced, which may develop into zoosporangia from which new zoospores 
will be released within a few days (Keskin 1964). Plasmodia of P. betae may also 
form cystosori, which can survive in the soil for many years. It has been shown that 
the infectivity of both the fungus and the virus can remain in the soil for fifteen years 
(Abe and Tamada 1986). 
Virus particles were found scattered or in angled-layer aggregates in the 
cytoplasm of root cells of systemically infected sugar beets (Tamada 1975). Infected 
cells were irregularly dispersed through the root tissue, suggesting that many cells 
were apparently not infected. This explains the difficulty in finding infections in 
certain tissues and the contradictory conclusions drawn by different investigators. 
While Putz and Vuittenez (1980) did not find virus particles in phloem and xylem 
tissue using electron microscopy, Giunchedi and Poggi Pollini (1988) demonstrated 
specific labelling of the coat protein in xylem vessels of tap roots and rootlets using 
immunogold-silver labelling and light microscopy or scanning electron microscopy 
(also Poggi Pollini and Giunchedi 1989a, 1989b). In rootlets, they also detected 
BNYVV in the cytoplasm of epidermal cells containing cystosori of P. betae. When a 
susceptible and a resistant plant were compared, the former contained a larger 
number of infected cells, with higher amounts of label (Giunchedi and Poggi Pollini 
1988). With tissue print immuno-blotting, Kaufmann et al. (1992) occasionally 
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detected some virus in xylem vessels. These results indicate that the localisation 
and distribution of BNYVV in roots of sugar beet is as yet only partly understood. 
Nowadays, several sugar beet accessions with different levels of resistance to 
BNYVV are available (Lewellen et al. 1987, Whitney 1989), which show reduced 
virus multiplication compared to susceptible standards (Paul et al. 1992a). These 
levels may be related to different mechanisms of resistance. For optimal use of 
resistant accessions in plant breeding programmes a better understanding of these 
mechanisms is required. The aim of this study was to gain insight into the underlying 
mechanisms of resistance by comparing the multiplication and distribution of BNYVV 
in rootlets of four beet accessions. Rootlets were used in this study instead of tap 
roots, because in the rootlets BNYVV can more readily be detected, due to a higher 
concentration (Büttner and Bürcky 1990, Giunchedi et al. 1987). 
Materials and methods 
Plant materials and cultivation of test plants 
The study was performed with the susceptible Beta vulgaris sugar beet cultivar 
'Regina', the partially resistant sugar beet cultivar 'Rima', the resistant sugar beet 
selection Holly-1-4, further referred to as Holly, and the resistant wild beet accession 
ß. vulgaris subsp. maritima WB42. The latter two accessions carry a dominant, 
probably monogenic, resistance to BNYVV (Lewellen et al. 1987, Whitney 1989). 
Seeds of 'Regina', Holly and WB42 were used in greenhouse experiments and 
treated with thiram (TMTD, Luxan). 'Rima' had coated seeds. Seeds were sown in 
sand, which was heat-sterilised overnight at 105 CC. Inoculation experiments were 
performed in the greenhouse at 22/17 °C (day/night) (Paul et al. 1992a) which is 
below the optimum temperature of both the virus and the vector (Blunt et al. 1991, 
Horak1980). 
Inoculation of seedlings by infested soil 
Two days after emergence, seedlings were transplanted into a mixture of sand 
and infested soil (9:1 v/v), collected in the Noord-Oost Polder, the Netherlands (Paul 
et al. 1992a). Plants were watered twice a week with a one-tenth Steiner nutrient 
solution (Steiner 1984). After four weeks, roots of individual plants were washed and 
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analysed for the presence of cystosori and virus, as described below. The cultivar 
'Rima' is not uniform, containing plants with a low and high virus concentration (Paul 
et al. 1992a). Those 'Rima' plants in which a high virus concentration was found by 
ELISA, were classified as susceptible and not used in localisation studies. 
Inoculation of seedlings with a zoospore suspension 
Two days after emergence, seedlings were transferred to 13 ml centrifuge tubes 
containing half-strength Steiner nutrient solution. After six or seven days, 1 ml of a 
viruliferous zoospore suspension, containing 200 or 2000 zoospores, was added to 
each tube to obtain high levels of infection (Paul et al. 1993b). Two weeks after 
inoculation, roots of individual plants were analysed for the presence of cystosori 
and virus as described below. After inoculation with 200 zoospores some plants did 
not contain virus. These plants were regarded as escapes, and omitted from further 
analysis. 
A similar experiment was carried out with plants of the cultivar 'Regina', 
inoculated with 10,000 zoospores and grown at 25 °C, which is approximately the 
optimum temperature for multiplication for both P. betae and BNYVV (Horak 1980, 
Blunt et al. 1991). Three and seven days after inoculation rootlets were collected 
and analysed for the presence of cystosori and virus. 
Analysis for the presence of fungus and virus 
Rootlets were screened for the presence of cystosori of P. betae using an 
inverted microscope (Zeiss ID02). About five rootlets per plant, containing cystosori, 
were fixed and embedded. Up to 100 mg of the remaining rootlets was analysed by 
ELISA to determine the virus concentration (Clark and Adams 1977). Roots were 
crushed in Potter tubes in a ratio of 1:20 (w/v) with phosphate buffered saline (PBS) 
pH 7.4, containing 0.05 % (v/v) Tween 20 (PBS-Tween). Purified virus, serially 
diluted in a solution of healthy plant sap and PBS-Tween (1:20 v/v), was used in 
ELISA to estimate the virus concentration in the roots of individual plants (Alderlieste 
and Van Eeuwijk 1992, Paul et al. 1992a). 
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Fixation and embedding of root tissue 
Rootlets infected by P. betae were cut with a razor blade into 1-2 mm long 
pieces, and fixed in a solution of 2 % (w/v) paraformaldehyde, 3 % (w/v) 
glutaraldehyde and 1.5 mM CaCI2 in phosphate (0.1 M Na2HP04)-citrate (2.7 mM 
citric acid) buffer, pH 7.2, for 1 h at room temperature followed by an overnight 
incubation at 4 °C. These pieces of root tissue were embedded in London Resin 
(LR) White embedding resin according to Van Lent and Verduin (1986). Individual 
pieces were transferred to gelatin capsules with LR White and polymerised at 60 °C 
for 2 days. Semi-thin sections (1-2 urn) were cut with a diamond histo-knife on a 
LKB Ultrotome V. Sections were attached to microscopic slides in a drop of double 
distilled water with 40 % (v/v) acetone and dried on a hot plate to prevent folding. 
Immunogold-silver labelling 
Immunogold-silver labelling was performed according to Van Lent and Verduin 
(1986). Rootlets of the cultivar 'Regina' were used to adapt the labelling conditions 
and to study the viral infection process. Antiserum against the coat protein of 
BNYVV was kindly supplied by AM Haeberlé (INRA, Colmar, France). The antiserum 
was diluted 1:20,000 in 1 % bovine serum albumin (immunoglobulin and fatty acid 
free) in PBS containing 0.05 % (v/v) Tween 20 (PBS-BSA-Tween). Controls 
consisted of healthy and infected tissues, treated with rabbit pre-immune serum 
(1:1000) or with omission of the antiserum. Conjugates of protein A and 7 nm 
colloidal gold particles (pAg: A52o=0.05) in PBS-BSA were prepared (Van Lent and 
Verduin 1987). After immunogold-silver labelling, sections were stained with 1 % 
(w/v) toluidine blue in demineralised water. Finally, slides were dried on a hot plate 
and mounted in DPX. The sections were examined with epi-illumination in a Leitz 
Orthoplan microscope equipped with water immersion objectives and a Leitz 
polarisation filter block (epi-polarisation microscopy). 
Results 
Virus concentrations in rootlets 
The multiplication of BNYVV in the partially resistant sugar beet cultivar 'Rima' 
and the resistant accessions Holly and WB42 were studied and compared with the 
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susceptible cultivar 'Regina'. Compared to 'Regina', low virus concentrations as 
estimated by ELISA were found in rootlets of the resistant accessions 'Rima', Holly 
and WB42, when infested soil was used as inoculum (Table 3.1). After inoculation 
with 200 or 2000 zoospores, high virus concentrations occurred also in 'Rima' and 
Holly. However, in WB42 only low virus concentrations were detected, indicating that 
the resistance was still effective in this accession after inoculation with zoospores. 
Table 3.1 Average virus concentrations in ng/ml in root extracts of four accessions 
of beet, infected either by the use of infested soil or a zoospore suspension. 
Accession 
'Regina' 
'Rima' 
Holly 
WB42 
Soil 
711 
31 
36 
16 
(32)1 
(27) 
(31) 
(31) 
Number of zoospores 
200 
248 
287 
213 
61 
(7) 
(5) 
(7) 
(3) 
added 
2000 
287 
284 
307 
107 
(8) 
(8) 
(8) 
(8) 
( ) = the number of plants used for calculating the average virus concentrations 
P. betae infection in rootlets 
Differences in susceptibility to P. betae between 'Regina', 'Rima', Holly and 
WB42 with either inoculation method were not observed by light microscopy. Various 
stages of P. betae development were detected in the epidermis and the next two cell 
layers of the cortex parenchyma of all accessions. 
Virus distribution in roots after application of infested soil 
After inoculation with a mixture of sand and infested soil, almost all rootlets of 
the susceptible cultivar 'Regina' were found to be infected with BNYVV as 
determined by immunogold-silver labelling. Virus was detected in the epidermis, 
cortex parenchyma, endodermis, and interstitial parenchyma, mostly clustered along 
the cell walls, but not in the vascular tissue. Although high virus concentrations were 
found with ELISA in all 'Regina' plants, the amount of labelling varied between the 
rootlets of each plant and between various plants. Label could not be observed 
either in the infected controls treated with pre-immune serum or in the healthy 
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Fig. 3.1 Immunogold-silver labelling of BNYVV in a longitudinal section of a rootlet of 
the susceptible B. vulgaris cultivar 'Regina', inoculated with 2000 zoospores. 
1a Bright-field transillumination shows that virus (arrowheads) is associated with 
cystosori of P. betae (pb), and also present in the epidermis (ep), cortex 
parenchyma (cp), endodermis (en), and in interstitial parenchyma (ip), but not in 
xylem (xy) or phloem (ph). 1b With epi-illumination of the same section the silver 
stain is observed as a brightly shining precipitate. Bar represents 10 urn. 
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controls. Although it was possible to detect virus with ELISA, using a mixture of sand 
and infested soil as inoculum, label could not be detected in rootlets of 'Rima', Holly 
and WB42. This result indicates that the virus concentrations in the roots of these 
plants were too low to be detected by immunogold-silver labelling. Therefore, 
possible existing differences between the mechanisms of resistance could not be 
further studied using infested soil as inoculum. 
Virus distribution in roots after application of zoospores 
Virus was detected in all sections of rootlets of the susceptible cultivar 'Regina', 
inoculated with 2000 zoospores (Fig. 3.1). A few epidermal cells contained small 
amounts of virus, which occurred mostly scattered throughout the cytoplasm or 
associated with developmental structures of P. betae, like a cystosorus (Fig. 3.1) or 
a zoosporangium (Fig. 3.2a, 3.2b). More frequently cortex parenchyma, endodermis 
and interstitial parenchyma cells contained virus, which usually occurred in large 
clusters. Especially in interstitial parenchyma cells, which were in contact with xylem 
vessels, large virus aggregates could be detected (Fig. 3.2c, 3.2d). However, 
labelling was not found in phloem or xylem vessels. 
As could be expected from the high virus concentrations in 'Rima' and Holly, as 
estimated by ELISA, the amount of virus as well as its distribution, was analogous to 
that in 'Regina' (Table 3.2). In WB42, however, virus could be detected in only half of 
the sections, either inoculated with 200 or 2000 zoospores. The virus occurred often 
only in small amounts, scattered throughout a root cell. The virus seemed to be 
limited to a few cells of the epidermis, cortex parenchyma (Fig. 3.3), and the 
endodermis, often in cells that also contained developmental stages of P. betae. 
Fig. 3.2 Immunogold-silver labelling of BNYVV in longitudinal sections of rootlets of 
the susceptible cultivar 'Regina', inoculated with 2000 zoospores. 2a, 2b Virus 
(arrow-heads) is associated against the cell wall of a zoosporangium of Polymyxa 
betae (pb) in cortex parenchyma cells (cp). 2c, 2d High amounts of virus 
(arrowheads) are present in interstitial parenchyma cells (ip) near xylem vessels (xy). 
2a, 2c Bright-field transillumination figures. 2b, 2d Corresponding epi-illumination 
figures. Bar represents 10 urn. 
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Table 3.2 Distribution of immunogold-silver labelling in rootlets of some accessions 
of beet inoculated through the use of a zoospore suspension at 22/17 °C (day/night). 
Accession Tissue1 Number of zoospores 
'Regina' 
'Rima' 
Holly 
WB42 
WB42 
Ep 
+2 
+ 
+ 
+ 
+ 
Cp 
++ 
++ 
++ 
+ 
+ 
En 
++ 
++ 
++ 
+ 
+ 
IP 
++ 
++ 
++ 
-
-
Ph 
-
-
-
-
-
Xy 
-
-
-
-
-
n 
9 
5 
5 
23 
9 
2000 
2000 
2000 
2000 
200 
Ep = epidermis, Cp = cortex parenchyma, En = endodermis, Ph = phloem, Xy = xylem, 
Ip = interstitial parenchyma, n = number of sections analysed 
- = no label detected, + = small amounts of label detected, ++ = large clusters of label 
detected 
Fig. 3.3 Immunogold-silver labelling of BNYVV in a cross section of a rootlet of the 
resistant B. vulgaris subsp. maritima accession WB42, inoculated with 2000 
zoospores. BNYVV (arrowheads) is detected in the cortex parenchyma cells (cp), 
(en= endodermis). Bar represents 5 urn. 3a Bright-field transillumination figure. 
3b Corresponding epi-illumination figure. 
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Fig. 3.4 Immunogold-silver labelling of the coat protein of BNYVV in a cross section 
of a rootlet of the susceptible cultivar 'Regina' seven days after a severe infection 
with 10,000 zoospores of Polymyxa betae (pb), incubated at 25 °C, demonstrating 
the presence of zoosporangia and Plasmodia in almost every cell of the outer cell 
layers. Bar represents 10 urn. 4a Bright-field transillumination figure. 4b Cor-
responding epi-illumination figure. 
After inoculation of 'Regina' with 10,000 zoospores at 25 °C, virus could be detected 
with immunogold-silver labelling already after three days. At that moment virus could 
only be detected in a few epidermal cells in which zoospores of P. betae were 
penetrated. Seven days after inoculation most epidermal cells and, also, many cells 
of the first layer of the cortex parenchyma contained zoosporangia or Plasmodia 
(Fig. 3.4). In these rootlets, heavily infected by P. betae, a large number of virus 
infected cells was observed. A few xylem elements appeared also to be infected by 
virus. This observation indicated that the chance that virus can be found in xylem 
increases with the inoculum potential. 
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Discussion 
The multiplication and distribution of BNYVV in rootlets of some beet accessions 
was studied using soil containing resting spores of P. betae with BNYVV or a 
viruliferous zoospore suspension. With both inocula only a limited number of 
epidermal cells contained virus, while several cortex parenchyma cells appeared to 
be infected. These observations suggest that the virus does not spread sideways 
into the epidermis, but that its spread is directed from the epidermis to the vascular 
tissue. However, only in few occasions some virus could be detected in vascular 
tissues. Giunchedi and Poggi Pollini (1988) detected virus almost exclusively in 
xylem vessels, while Kaufmann et al. (1992) observed only occasionally some virus 
in the xylem. Differences in virus spread into different tissues may be explained by 
the infection pressure to which the roots were exposed, as in the present study 
some label could only be detected in xylem elements of rootlets which were exposed 
to a high inoculum dose of zoospores. 
When infested soil was used as inoculum, virus was unevenly distributed in 
tissues of rootlets of 'Regina', while a more equal distribution was found when 
seedlings were inoculated with viruliferous zoospore suspensions. This might be 
explained by differences in the infection process in nutrient solution compared to 
soil. In nutrient solution a greater number of primary infection sites leads to a more 
efficient infection. Secondary zoospores, that will be released between 40-80 hours 
after infection (Keskin 1964), will swim freely in nutrient solution and can therefore 
establish infection sites at further distances from the original infection site than in 
soil. 
The uneven distribution of BNYVV in roots of sugar beets has been described 
before as the result of a limited long distance transport of the virus (Putz and 
Vuittenez 1980, Hillmann 1984, Kaufmann et al. 1992), which also leads to a 
reduced virus transport from rootlets to tap roots (Giunchedi and Poggi Pollini 1988, 
Büttner and Bürcky 1990). The partial or complete absence of BNYVV in vascular 
tissues indicates that the viral cell-to-cell transport from the interstitial parenchyma 
cells to the vascular tissue is already restricted in the rootlets. 
With the use of a zoospore suspension instead of infested soil, virus 
concentration in 'Rima' and Holly was similar to that in 'Regina'. This shows that the 
resistance in both 'Rima' and Holly was not effective anymore when a high infection 
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pressure was used. Although the average virus concentration in WB42 was also 
higher under these circumstances, resistance was still effective in this accession. 
The increase in virus replication to high levels in 'Rima' and Holly, compared to 
WB42, seemed to be related to the large number of cells, that became virus-infected 
more or less at the same time, immediately after the inoculation with zoospores of P. 
betae. The present results indicate that resistance to the virus in Holly and 'Rima' is 
caused by a mechanism that differs from that in WB42. 
WB42 also differed clearly from the other accessions, both in the number of 
cells in which virus could be detected and in the distribution of infected cells in 
different tissues. Moreover, large clusters of label, which were easily found in 
'Regina', 'Rima' and Holly, could hardly be detected in infected cells of WB42. This 
shows that a restricted cellular replication of the virus is involved in the mechanism 
of resistance in WB42. Because of the low virus concentrations in WB42, it is not 
clear whether the virus cell-to-cell transport in rootlets is also limited or whether the 
amount of virus in cells without label was too low to be detected by immunogold-
silver labelling. 
The approach of selecting rootlets with structures of P. betae by inverted 
microscopy before embedding, to enlarge the chance of detecting BNYVV in semi-
thin sections of rootlets, was more successful for 'Regina' than for WB42. This might 
be due to the extent in which secondary zoospores of P. betae contain virus. The 
amount of virus in the fungus probably depends on the amount of virus in the host 
cell at the time of development of the fungus into secondary zoospores or cystosori 
(Rysanek et al. 1992). Virus-like particles were observed in thin sections of P. betae 
zoospores by electron microscopy (Tamada 1975). Langenberg and Giunchedi 
(1982) found virus in contact with Plasmodia and zoosporangia, whereas Rysanek et 
al. (1992) observed some particles in cells containing these developmental stages of 
P. betae, but also in young Plasmodia, zoosporangia and immature zoospores. 
Rysanek et al. (1992) observed in some cases virus in about half of the Plasmodia 
and suggested that only a part of the spores would carry virus after differentiation of 
Plasmodia into zoosporangia or cystosori. By diluting soil Tuitert (1990) estimated 
that only 10-15 % of the infective population of P. betae in heavily infested soil was 
viruliferous. Comparing the virus concentrations of 'Regina' and WB42, it is likely 
that relatively more secondary zoospores from 'Regina' may contain virus than those 
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from WB42. Therefore, secondary zoospores from 'Regina' will contribute more to 
the distribution of BNYVV outside a rootlet than those from WB42. 
It is likely that differences between 'Rima', Holly and WB42 can be explained by 
the existence of different resistance genes or at least different genetic systems 
controlling resistance. Studies on allelism, using crosses between Holly and WB42, 
are being carried out to discriminate between the two sources of resistance and to 
trace the resistance genes with the help of molecular markers. The determination of 
different resistance genes against BNYVV will be of great use to breeders. It allows 
them to combine different mechanisms of resistance in order to obtain high and 
durable levels of resistance to rhizomania in new sugar beet cultivars. 
Chapter 4 
Major genes for resistance to beet necrotic yellow vein 
virus in Beta vulgaris 
Abstract 
Inheritance of resistance to beet necrotic yellow vein virus (BNYVV) was studied in 
segregating F2 and backcross families obtained from crosses between resistant 
plants of the sugar beet selection Holly-1-4 or the wild beet accession Beta vulgaris 
subsp. maritima WB42 and susceptible parents. Greenhouse tests were carried out, 
in which seedlings were grown in a mixture of sand and infested soil. Virus 
concentrations of BNYVV in the rootlets were estimated by ELISA. To discriminate 
resistant and susceptible plants, mixtures of normal distributions were fitted to the 
log10 of the virus concentrations, estimated for segregating F1, F2 and BC 
populations of both accessions. The hypothesis that Holly-1-4 contained one single 
dominant major gene was accepted. For WB42, results fitted with the hypotheses 
that resistance was based on either one (or more) dominant major gene(s) showing 
distorted segregation, or two complementary dominant genes, which both are 
required for resistance. Resistance from WB42 appeared to be more effective 
against BNYVV than resistance from Holly-1-4. 
This chapter has been published in a slightly modified version by Scholten OE, Jansen RC, 
Keizer LCP, De Bock ThSM and Lange W (1996) in Euphytica 91: 331-339. 
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Introduction 
Infections with beet necrotic yellow vein virus (BNYVV), the causal agent of 
rhizomania in sugar beet (Beta vulgaris L.) (Tamada 1975), can lead to severe 
losses in root yield and sugar content (Johansson 1985, Richard-Molard 1985). The 
thick-walled resting spores of the soil-borne fungus Polymyxa betae Keskin, the 
vector of BNYVV can remain infective in the soil and transmit the virus for at least 
fifteen years (Abe and Tamada 1986), making crop rotation ineffective to control the 
disease. Therefore, the cultivation of cultivars with resistance to rhizomania on 
infested soils is the most promising way to control rhizomania in sugar beets 
(Schlösser 1988, Asher 1993). Resistance to BNYVV was described for accessions 
of B. vulgaris subsp. vulgaris, B. vulgaris subsp. maritima (L.) Arcang. (Lewellen et 
al. 1987, Whitney 1989), B. corolliflora Zos., B. intermedia Bunge and B. lomatogona 
Fisch. & Mey. (Paul et al. 1993a). Some of these accessions also contained 
resistance to P. betae (Fujisawa and Sugimoto 1979, Paul et al. 1993a). The 
perspective to use resistance to P. betae seems to be limited, however, because 
plants were found which contained no or only low numbers of resting spores, but 
high virus concentrations (Paul et al. 1993a). 
The B. vulgaris sugar beet accession Holly and the wild beet accession 
B. vulgaris subsp. maritima WB42 were found to be resistant to rhizomania 
(Lewellen et al. 1987, Whitney 1989). Lewellen et al. (1987) suggested that the 
resistance in Holly is simply inherited and possibly conditioned by a single dominant 
gene, but the observed segregation data did not always fit the expected ratios. Field 
tests were also performed with progenies of crosses between sugar beet and WB42, 
which appeared to be either uniformly resistant or segregated for resistance and 
susceptibility. Resistance of the subsp. maritima was shown to be dominant, but it 
remained unclear if it was conditioned by one or a few major genes (Lewellen et al. 
1987, Whitney 1989). 
In greenhouse tests, the virus replicates at a considerable lower rate in both 
Holly-1-4, a selection of the Holly source (Lewellen et al. 1987) and WB42 (Paul et 
al. 1993a). Other studies (Paul et al. 1993b, Scholten et al. 1994) demonstrated that 
the mechanisms of resistance to BNYVV in Holly differed from that in WB42. The 
combination of different mechanisms of resistance in commercial hybrids may be 
advantageous to provide higher levels of resistance and to improve the durability of 
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resistance. The aim of the present study was to elucidate the inheritance of 
resistance to BNYVV in the selections of Holly-1 -4 and especially of WB42 through 
analysis of segregating F2 and BC populations of both accessions. The effect of the 
resistances from both accessions was also compared. 
Materials and methods 
Plant materials and crosses 
Studies on the inheritance of resistance to BNYVV were performed with the 
resistant sugar beet accession B. vulgaris Holly-1-4, which is a selection from the 
Holly source (Lewellen et al. 1987) and the resistant wild beet accession B. vulgaris 
subsp. maritima WB42. The Holly-1-4 selection originated from a bulk multiplication 
of plants obtained by selfing of one resistant inbred Holly plant. The WB42 selection 
consisted of a bulk multiplication of several WB42 plants. Both accessions are 
diploid with 2n=18. To obtain F1 families, plants of both selections were crossed in 
pairs with plants of the susceptible garden beet B. vulgaris 'Queen' as a pollinator, 
resulting in red F1 plants, since the responsible major genes for colour inherit 
dominantly (Knapp 1958, Wolyn and Gabelman 1989). Segregating backcross (BC) 
families were obtained after crossing resistant F1 plants with plants of the 
susceptible male-sterile B. vulgaris MS-2. Selfing of F1 plants led to the production 
of F2 seed. 
Greenhouse tests 
To discriminate between resistant and susceptible plants, healthy seedlings 
were transplanted into a mixture of sand and infested soil and grown for one month 
as described previously (Paul et al. 1992a). Purified virus, serially diluted in a 
solution of healthy plant sap and PBS-Tween 20 (1:20 v/v), was used in ELISA to 
estimate the virus concentrations in ng/ml in rootlets of individual plants (Paul et al. 
1992a). The log™ of the virus concentrations were used for statistical analysis. The 
detection limit for virus was at a log™ virus concentration of 0.65 ng/ml. The cultivar 
'Regina' was used as a susceptible control in all greenhouse tests. 
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Mixture models 
Many plants could be assigned to classes containing either low or high virus 
concentrations. However, plants with intermediate levels of resistance were also 
found. For the resistant accession Holly-1-4, the susceptible accessions MS-2, 
'Queen' and 'Regina' it was assumed that the logio virus concentrations follow a 
normal distribution. Therefore, mixtures of normal distributions (Jansen 1993, 1994) 
were fitted to the F1, F2 and BC populations. Each component in the mixture 
corresponds to an underlying genotype. To assess major gene activity, results of the 
likelihood of the normal (non-mixture) model was compared with results of the 
likelihoods of normal mixture models with two or more underlying components. 
Results 
Virus concentrations in the resistant and susceptible parents 
The average virus concentrations were estimated by ELISA in the rootlets of the 
resistant and susceptible parents (Table 4.1). The Holly-1-4 selection was resistant 
with an average log10 virus concentration of 1.38 ng/ml, versus 0.68 ng/ml for the 
resistant accession WB42. About 44 % of the WB42 plants were free of virus or 
contained levels below the detection limit, whereas about 7 % of the plants 
contained logio virus concentrations over 2.00 ng/ml, which were as high as those 
observed for the susceptible parents 'Queen' and MS-2, and the susceptible control 
'Regina'. These plants were therefore classified as susceptible. Curves fitted to the 
data are shown in Fig. 4.1 and demonstrate that the curve fitting for WB42 is 
distorted due to the high number of plants with no or hardly any virus, while the other 
parental accessions and also the cultivar 'Regina' showed a normal distribution. 
Virus concentrations in progenies from crosses with Holly-1-4 
The two F1 progenies of Holly-1-4 studied consisted only of plants with low virus 
concentrations and were consequently classified as resistant (Table 4.1, Fig. 4.2). 
The virus concentrations were in the same order of magnitude as those of the 
resistant parent Holly-1-4. The F2 and BC families segregated into plants with low 
virus concentrations, which did not differ significantly from Holly-1-4 and the F1 
progenies, and high virus concentrations, as found in the susceptible parents 
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Table 4.1 Estimated mixture model parameters based on log10 BNYVV 
concentrations (in ng/ml) in rootlets of individual plants of the resistant accessions 
Holly-1-4 and WB42, the susceptible accessions 'Queen' and MS-2 and progenies of 
crosses between resistant and susceptible plants. 
Plant 
materials1 
Parents 
Holly-1-4 
WB42 
'Queen' 
MS-2 
Crosses with Holly-1-<? 
F1(91.11) 
F1(91.38) 
F2(92.01) 
F2(92.03) 
F2(92.11) 
F2(92.13) 
BC(92.03) 
BC(92.13) 
Crosses with WB4^ 
F1(91.05) 
F1(91.14) 
F1(91.32) 
F2(92.04) 
F2(92.06) 
F2(92.14) 
F2(92.26) 
F2(93.38) 
F2(93.39) 
BC(92.06) 
BC(92.26) 
BC(93.38) 
BC(93.39) 
Control 
'Regina' 
n 
48 
88 
48 
48 
48 
32 
80 
80 
79 
32 
135 
31 
57 
64 
47 
79 
32 
48 
31 
56 
32 
32 
224 
32 
32 
88 
Mean virus 
concentration of 
resistant plants 
1.50 
0.68 
1.56 
1.63 
1.29 
1.54 
1.34 
1.37 
1.35 
1.26 
0.93 
1.26 
0.71 
0.90 
0.82 
0.94 
0.64 
0.73 
0.70 
1.50 
1.15 
0.87 
0.85 
Mean virus 
concentration of 
susceptible plants 
2.19 
2.82 
2.65 
2.51 
2.45 
2.52 
2.09 
2.47 
2.18 
2.53 
2.46 
2.06 
2.10 
2.07 
1.77 
2.09 
2.17 
2.17 
2.18 
2.06 
2.04 
2.57 
SD 
0.21 
0.28 
0.18 
0.19 
0.21 
0.25 
0.30 
0.29 
0.26 
0.30 
0.28 
0.21 
0.28 
0.35 
0.38 
0.40 
0.41 
0.30 
0.32 
0.32 
0.39 
0.18 
0.29 
0.26 
0.30 
0.19 
Identification number of the crosses in parentheses 
Resistant F1 plants were selected from F1 (91.11) for the production of F2 and BC 
families 
Resistant F1 plants were selected from F1(91.14) for the production of F2 and BC 
families 92.04, 92.06, 92.14 and 92.26, and from F1 (91.05) for 93.38 and 93.39 
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log10 virus concentration log10 virus concentration 
Fig. 4.1 Curves fitted to histograms of log10 BNYVV concentrations of plants of the 
parental families, a Holly-1-4. b WB42. c 'Queen', d MS-2. e Susceptible control 
cultivar 'Regina'. 
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Fig. 4.2 Curves fitted to histograms of log10 BNYVV concentrations of individual 
plants originating from crosses with Holly-1-4. a F1(91.11). b F1(91.38). c F2(92.01). 
dF2(92.11). eF2(92.03). f BC(92.03). 
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(Table 4.1). The crossing point at which the curves of resistant and susceptible 
plants of the segregating families of Holly-1-4 cut each other was estimated around 
a logio virus concentration of 2.0 ng/ml (Fig. 4.2). 
Genetical analysis of resistance in Holly-1-4 
Resistance from Holly-1-4 inherits dominantly, since both F1 progenies were 
resistant. The F1 progenies had similar virus concentrations in the rootlets as the 
resistant parent. Segregation ratios of resistant and susceptible plants based on 
mixture models together with the 95 % confidence intervals are presented in 
Table 4.2. The hypothesis that resistance is based on one dominant major gene was 
accepted for all F1, F2 and BC families, except for F2(92.11) which contained just a 
few more resistant plants than expected. 
Table 4.2 The observed segregation ratios of resistant (R) to susceptible (S) plants 
based on mixture models together with the 95 % confidence intervals demonstrate 
the possible fit of the expected ratios in crosses with Holly-1-4, using the hypothesis 
that resistance to BNYVV is controlled by a single dominant major gene. 
Plant 
materials1 
F1(91.11)3 
F1(91.38) 
F2(92.01) 
F2(92.03) 
F2(92.11) 
F2(92.13) 
BC(92.03) 
BC(92.13) 
Number 
of plants 
48 
32 
80 
80 
80 
32 
135 
31 
Observed 
ratios 
R : S 
1 
1 
0.74 
0.78 
0.83 
0.69 
0.44 
0.51 
0 
0 
0.26 
0.22 
0.17 
0.31 
0.56 
0.49 
95 % Confidence 
intervals2 
-
-
±0.08 
±0.06 
±0.04 
±0.20 
±0.12 
±0.25 
Expected 
ratio 
R 
1 
1 
3 
3 
3 
3 
1 
1 
S 
0 
0 
Hypothesis 
accepted 
yes 
yes 
yes 
yes 
no 
yes 
yes 
yes 
Identification number of the crosses in parentheses 
The 95 % confidence interval is based on the mean observed ratios ± 1.96 * standard 
error. If 0.75 fits within the 95 % confidence interval for resistance, the hypothesis is 
accepted that 75 % of the plants can be resistant 
Resistant F1 plants were selected from F1 (91.11) for the production of F2 and BC 
families 
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Virus concentrations in progenies from crosses with WB42 
WB42 consisted mostly of highly resistant plants. However, also a few 
susceptible plants were found. The selection of WB42 originated from a 
multiplication of several plants in bulk. Therefore, various genotypes of resistance to 
BNYVV could be expected, producing both resistant and segregating F1 progenies. 
Results of three F1 progenies tested confirmed this expectation as only F1(91.05) 
was resistant, while the other two F1 families segregated into classes of plants with 
low and high virus concentrations (Table 4.1). Curves fitted to the data obtained 
from crosses with WB42 are shown in Fig. 4.3. The F1 families contained 13-17 % 
of plants in which no virus could be detected. F2 families segregated into groups of 
plants with low and high virus concentrations, which did not differ significantly from 
those in the segregating F1 families, and consisted of 8-28 % plants without virus. 
Higher numbers of susceptible plants than resistant plants were found in the BC 
families. For the segregating progenies, including WB42, the crossing point at which 
the curves of resistant and susceptible plants cut each other was estimated around 
a logio virus concentration of 1.5ng/ml, which was somewhat lower than for 
segregating families of Holly-1-4. 
Genetical analysis of resistance in WB42 
To study the inheritance of resistance to BNYVV in WB42, the following possible 
genetical hypotheses were analysed: the resistant phenotype is controlled by either 
a single dominant major gene for resistance, by two unlinked, independent dominant 
major genes, or by two unlinked complementary dominant major genes, both 
required for resistance. Also a hypothesis concerning distorted segregation of one 
(or more) dominant gene(s) was taken into account. Based on similar mean virus 
concentrations in the resistant plants of the F1 families as in resistant plants of 
WB42, it was concluded that resistance in WB42 inherits dominantly. Mixture 
models were used to estimate the segregation ratios of resistant and susceptible 
plants together with the 95 % confidence intervals (Table 4.3). The hypothesis, that 
resistance in WB42 is based on one dominant major gene, was accepted for the F1 
and most of the F2 families. However, for three BC families this hypothesis was 
rejected due to the large number of susceptible plants. Also the hypothesis, that 
resistance was based on two unlinked, independent dominant major genes, was 
rejected. If two genes for resistance to BNYVV were acting as complementary 
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genes, as was proposed in the last hypothesis, the 95 % confidence intervals 
contained all the expected segregation ratios for F2 and BC families. Therefore, the 
hypothesis that resistance to BNYVV in WB42 is based upon the existence of two 
complementary genes is accepted as a possible explanation. 
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Fig. 4.3 Curves fitted to histograms of log10 BNYVV concentrations of individual 
plants originating from crosses with WB42. a F1(91.05). b F1(91.32). c F2(92.04). 
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Distortion of segregation of one (or more) dominant major gene(s) for resistance 
could be another plausible explanation for the observed segregation ratios in the 
segregating families of WB42. Then, almost all observed segregation ratios can be 
regarded as being the result of a selective advantage for vulgaris resulting in a 
surplus of susceptible plants. The observed segregation ratio for resistant to 
susceptible plants in the four BC families was estimated to be 0.28 (Rr) : 0.72 (rr), 
which could be the result of distortion in the male gametes. If only one resistance 
gene was involved, distortion in the F2 families would result in an expected ratio for 
resistant to susceptible plants as 0.72 (RR and Rr): 0.36 (rr). This fits very well with 
most of the observed segregation ratios, and therefore, the hypothesis that the 
inheritance of resistance could be explained by one major gene that segregated 
distorted might also be accepted for WB42. 
Discussion 
Resistance to viruses is often evaluated by the expression of disease symptoms, 
without estimating any virus multiplication (Fraser 1990). Plants will then be 
classified as resistant in case no symptoms or necrotic lesions appear or as 
susceptible when symptoms appear. Typical symptoms of rhizomania infection, like 
proliferation of lateral roots, constriction of the tap root and browning of the vascular 
system, can only be analysed after the growth of sugar beet plants in the field for 
several months. To avoid such long testing periods and to create the possibility of 
analysing wild beets as well, greenhouse experiments were conducted in which the 
multiplication of BNYVV was measured as a parameter of resistance (Bürcky and 
Büttner 1985, Giunchedi et al. 1985, Whitney 1986, Paul et al. 1992a). The Holly 
source and also WB42 were not immune to BNYVV multiplication, since several 
resistant plants contained detectable virus concentrations (Lewellen et al. 1987, 
Whitney 1989). 
Inheritance of resistance to BNYVV in Holly-1-4 and WB42 was studied in 
segregating F2 or BC families. Gene-dosage effects were not found as virus 
concentrations of resistant F1 plants were similar to those in the resistant parents. 
These results demonstrated the dominant character of the resistance. Classification 
of plants from the segregating F1 families and the following F2 and BC generations 
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into resistant or susceptible, however, was complicated due to the presence of 
plants with intermediate virus concentrations. Differences in data originating from 
field tests could be due to the irregular infestation of a field, resulting in differential 
infections at various parts of the roots (Lewellen and Biancardi 1990). In greenhouse 
tests susceptible plants of the cultivars 'Regina', 'Queen' and the accession MS-2 
always contained high virus concentrations, compared to the resistant accessions 
Holly-1-4 and WB42. However, for genetical analysis it is important to realise that 
any variation in the environment may interact with genotypic variation to produce 
phenotypic variation, which is not explicable in genetic terms alone (Fraser 1990). 
Besides, also minor genes could be involved in the expression of resistance. 
Studying the inheritance of resistance to potato leafroll virus in potato 
accessions Barker et al. (1994) demonstrated the usefulness of mixture models for 
the discrimination of plants with intermediate levels of virus multiplication for the 
classification in resistant and susceptible plants. In the present study mixture models 
(Jansen 1993, 1994) were used to analyse the inheritance of resistance to BNYVV. 
Resistance in Holly-1-4 was characterised as being monogenic, and thus confirmed 
earlier suggestions by Lewellen et al. (1987). Inheritance of resistance to BNYVV in 
B. vulgaris subsp. maritima WB42, was more complicated. However, using the 
procedures of the mixture models resulted in rejecting the hypotheses that 
resistance to BNYVV from WB42 was simply based on one or two dominant major 
genes. Simultaneously, linkage of two dominant resistance genes can also be 
rejected, as the expected ratios for resistant and susceptible plants are somewhere 
between the ratios found for one or two unlinked and independent genes, whereas 
the observed ratios showed a surplus of susceptible plants. Two other hypotheses, 
viz. two complementary genes or male gametic distortion of segregation of one or 
more major genes, are both fitting the observed results. Inheritance to viruses based 
on two complementary genes has been described only rarely. Therefore, it is 
thought that the hypothesis which suggests distorted segregation of one or more 
dominant major genes for resistance located on the maritima chromosome seems to 
be more plausible. Such distortion of segregation was also described before for 
certain isozymes in crosses between B. vulgaris or B. vulgaris subsp. maritima with 
B. macrocarpa (Abe and Tsuda 1988), whereas Aicher and Saunders (1990), 
Wagner and Wricke (1991), Wagner et al. (1992) and Abe et al. (1993) detected 
distortion of segregation of isozymes or morphological markers in crosses between 
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different sugar beets. Reciprocal differences were observed when the F1, which 
contained chromosomes of B. macrocarpa, was used as a pollinator (Abe and 
Tsuda 1988). This could possibly be explained by selective elimination of male 
gametes as a result of pollen sterility, certation or incompatibility. Another 
explanation is distortion of segregation caused by zygotic selection, due to 
differences in fitness between the zygotes (Wagner et al. 1992). 
The present study also demonstrated differences in the levels of resistance, as 
the average virus concentrations in the rootlets of resistant plants of Holly-1-4 and 
the progenies of Holly-1-4 were higher than in WB42 and the progenies of WB42. 
After incubating seedlings of Holly-1-4 and WB42 in viruliferous zoospore 
suspensions, the difference in virus multiplication between these resistant 
accessions was even more clear (Paul et al. 1993c), since only WB42 could then be 
discriminated from susceptible controls, which contained high virus concentrations. It 
is likely that differences between Holly-1-4 and WB42 can be explained by the 
existence of different alleles or genes in these accessions, or by the presence of 
various minor genes in the background, resulting into different mechanisms of 
resistance. The relative performance of susceptible and partially resistant cultivars in 
infested fields has been shown to be related to the level of resistance determined in 
a greenhouse experiment (Paul et al. 1993a), and therefore, it can be expected that 
differences in virus multiplication in the greenhouse between families with resistance 
from Holly-1-4 or from WB42 will be expressed in the field. 
Although resistance to plant viruses is often under simple genetic control, 
involving only a single locus, independent genes at two loci were found as well 
(Fraser 1990). Combining different genes for resistance to BNYVV could be very 
useful for sugar beet breeders to obtain cultivars with higher levels of resistance to 
rhizomania, since in general monogenic virus resistance can easily be broken, as a 
result of high mutation frequencies of the virus genome (Spaar et al. 1992). In a 
small number of cases genes for resistance, like the Tm-Z? gene in tomato against 
tomato mosaic virus, the Ry gene in potato against potato virus Y and the N gene 
against TMV in tobacco, have proven to be outstandingly durable in practice (Fraser 
1990). Therefore, both Holly and sources such as WB42 should be used in breeding 
programmes. Studies on allelism, with plants from crosses between Holly-1-4 and 
WB42, and the search for molecular markers, are useful to determine whether 
different alleles or genes for resistance are involved in these accessions. 
Chapter 5 
Identification and mapping of random amplified 
polymorphic DNA markers linked to resistance against 
beet necrotic yellow vein virus in Beta accessions 
Abstract 
Molecular markers linked to resistance genes are useful to facilitate the introgression 
of one or more of these genes in breeding materials. Following the approach of 
bulked segregant analysis, RAPD markers linked to genes for resistance against 
beet necrotic yellow vein virus were identified in the four Beta accessions Holly-1 -4, 
R104, R128 and WB42. Primers were found which generate RAPD markers tightly 
linked to resistance in segregating families of Holly-1-4, R104 and R128, indicating 
that the resistance genes in these accessions might be situated at the same locus. 
Other, specific, primers were identified which generate RAPD markers linked to 
resistance in each of these accessions. Short range maps were established around 
the resistance locus in these accessions. For WB42, only RAPD markers were 
identified on a relatively large distance from the resistance gene. Conversion of 
three RAPD primers of Holly-1-4, R104 and R128 into STS primers resulted in STS 
markers which can readily be used for marker assisted selection in breeding 
programmes. 
This chapter has been published in a slightly modified version by Scholten OE, Klein-
Lankhorst RM, Esselink DG, De Bock ThSM and Lange W (1997) in Theoretical and Applied 
Genetics 94: 123-130. 
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Introduction 
Rhizomania is a major disease problem in many sugar beet growing countries in the 
world (Richard-Molard 1985). The disease is caused by the beet necrotic yellow vein 
virus (BNYVV) (Tamada 1975), which is transmitted by the soil-borne fungus 
Polymyxa betae Keskin. Severe infections with rhizomania can reduce the sugar 
yield for more than 50 % (Johansson 1985, Richard-Molard 1985). Breeding for 
resistance to rhizomania is the only possible means to counteract the disease 
(Schlösser 1988, Asher 1993). Resistance to BNYVV was described for accessions 
of Beta vulgaris L. subsp. vulgaris and subsp. maritima (L.) Arcang. (Lewellen et al. 
1987, Whitney 1989), B. corolliflora Zos., B. intermedia Bunge and B. lomatogona 
Fisch. & Mey (Paul et al. 1993a). Monogenic resistance from the subsp. vulgaris or 
maritima is the most attractive, because of the relative ease of handling monogenic 
traits in breeding programmes. However, if molecular markers are available to detect 
the individual resistance genes, genotypes with two or more resistance genes can 
be achieved. Such genotypes are valuable in breeding programmes, especially as 
combined resistances may provide higher levels of resistance and enhance the 
durability of the resistance. The B. vulgaris subsp. vulgaris accession Holly-1-4 is 
thought to contain a single dominant major gene for resistance to BNYVV (Lewellen 
et al. 1987, Scholten et al. 1996). Resistance from the accession B. vulgaris subsp. 
maritima WB42 is dominant and perhaps simply inherited (Whitney 1989). This 
resistance is probably either based on one or two dominant major genes showing 
distorted segregation or on two complementary major genes, which are both 
required for resistance (Scholten et al. 1996). Two other accessions with probably a 
single resistance gene are the B. vulgaris subsp. vulgaris R104, with resistance 
originating from maritima, and R128, with resistance from Swiss chard (RT Lewellen 
personal communication). Since these four accessions are genetically derived from 
two subspecies and originate from four different countries (Table 5.1), it might be 
that different resistance genes are involved. 
To identify rhizomania resistant Beta genotypes greenhouse or field tests have 
to be carried out using infested soils. In greenhouse tests the resistance levels of 
individual plants are determined by estimating the virus concentration in the rootlets 
after infection using ELISA (Bürcky and Büttner 1985, Giunchedi et al. 1985, 
Whitney 1986, Paul et al. 1992a), whereas in field tests components as total yield, 
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Table 5.1. Origins of the resistant plant material. 
Resistant Origin of resistance from 
accession Beta vulgaris subsp. 
Country of origin 
Holly-1-41 vulgaris USA 
R104 maritima Italy 
R1282 vulgaris Turkey 
WB42 maritima Denmark 
1
 Holly-1 -4 is a selection of the sugar beet accession Holly (Lewellen et al. 1987) 
2
 Resistance to BNYVV in R128 originated from Swiss chard 
sugar content, sugar yield and juice purity are evaluated and occasionally also 
ELISA tests are carried out. The necessary testing of hundreds of lines in 
commercial breeding programmes is hampered by the laborious nature of both tests. 
Besides, in greenhouse tests also resistant plants with intermediate levels of virus 
concentration appear, which cannot be discriminated as resistant or susceptible. To 
facilitate breeding programmes, molecular markers linked to resistance genes 
against BNYVV will be very useful for the introgression of such genes in susceptible 
cultivars or breeding materials. In the present study bulked segregant analysis (BSA) 
(Michelmore et al. 1991) was used to identify RAPD markers (Williams et al. 1990, 
Welsh and McClelland 1990) linked to resistance against BNYVV in four Beta 
accessions: Holly-1-4, R104, R128 and WB42. As the amplification of RAPD 
markers using decamer oligonucleotide primers is sometimes difficult to reproduce in 
other laboratories, some tightly linked markers were converted to sequence tagged 
site (STS) markers, which are more stable in PCR (Olson et al. 1989). The possible 
existence of different resistance loci in these accessions will be discussed by 
comparing the RAPD markers found for resistance in these accessions. 
Materials and methods 
Plant materials and crosses 
The plant materials consisted of the B. vulgaris accessions Holly-1-4 and R128, 
with resistance to BNYVV from the subsp. vulgaris, and R104 and WB42 with 
resistance from the subsp. maritima. Resistant F1 plants obtained after crosses of 
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Holly-1-4 or WB42 with the susceptible garden beet 'Queen', were crossed with the 
susceptible male-sterile accession MS-2 to produce segregating backcross (BC) 
families. For R104 and R128 segregating F1 families were made by crossing 
resistant plants of these accessions with MS-2. All accessions are diploid with 
2n=18. 
Greenhouse tests 
To discriminate between resistant and susceptible plants, individual seedlings 
were transplanted into a mixture of sand and infested soil and grown in the 
greenhouse for one month. ELISA was used to estimate the virus concentration in 
100 mg of the rootlets of individual plants (Paul et al. 1992a). The remaining parts of 
the plants were replanted into soil without BNYVV and vernalised to conduct 
crosses. Log™ virus concentrations were used for statistical analysis. The detection 
limit for the virus was at a logi0 virus concentration of 0.65 ng/ml. Mixture models 
(Jansen 1993, 1994) were fitted to the data to assist in the classification of the plants 
as either resistant or susceptible. Simultaneously, the segregation ratios of resistant 
to susceptible plants were determined to study the number of resistance genes 
involved. The sugar beet cultivar 'Regina' was used as a susceptible control in all 
greenhouse tests. 
DNA isolation and PCR amplification 
Genomic DNA was extracted from fresh or frozen leaves following the procedure 
of Van Der Beek et al. (1992). DNA concentrations were estimated in the Hoechst 
Mini Fluorometer (Hoechst Scientific Instruments, San Francisco, USA). PCR was 
performed in a total volume of 25 pi containing 10 ng genomic DNA, 100 uM each of 
dATP, dCTP, dGTP, TTP, 25 ng primer (Operon), 2.5 pi 10 x Superfaq buffer 
(100 mM Tris-HCI, pH 9.0; 500 mM KCl; 0.1 % (w/v) gelatin; 15 mM MgCI; 
1 % Triton X-100), 0.1 unit Superfaq polymerase (SphaeroQ, Leiden, the 
Netherlands). Each reaction mixture was overlaid with 25 pi of mineral oil (Perkin 
Elmer). DNA amplification was performed in a Hybaid DNA thermal cycler (Biozym, 
Landgraaf, the Netherlands) in PCR reaction tubes (tube control) or microtiter plates 
(simulated tube control). The thermal cycles used were: 1 cycle of 5 min at 92.5 °C, 
followed by 40 cycles of 5 s at 92.5 °C, 45 s at 34.5 °C and 45 s at 72 °C, then finally 
1 cycle of 10 min at 72 °C for final extension and 1 s at 28 °C. Amplification products 
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were separated by gel electrophoresis using 1.5 % agarose gels with TAE or TBE 
buffers and stained with ethidium bromide. 
Bulked segregant analysis (BSA) 
BSA (Michelmore et al. 1991) was performed for each segregating family on 
bulks of DNA of 10-15 of the most resistant (with virus concentrations up to a logio of 
1.5 ng/ml virus) or of the most susceptible plants (with logio virus concentrations of 
at least 2.3 ng/ml virus). Primers which amplified a DNA fragment in only one of the 
bulks were confirmed on the same set of bulks, followed by PCR on six individual 
resistant and six susceptible plants. RAPD markers with the best linkage to 
resistance genes were evaluated further on an additional number of individual 
plants. 
Mapping of the RAPD markers 
RAPD markers were mapped by analysing the segregating families with the 
computer programme JoinMap (Stam and Van Ooijen 1995). The segregation of the 
marker alleles in the families was treated as a cross-pollinating population (aa x ab), 
which segregates for the dominant b allele, linked to resistance. For each marker at 
least 34 individual plants were analysed, distributed over resistant and susceptible 
classes. For most of the markers almost the entire family was studied. It was 
assumed that the 30 most resistant plants, with a maximum log™ virus concentration 
of 1.6 ng/ml, all contained the major gene for resistance, whereas the 30 most 
susceptible plants, with a minimum logio virus concentration of 2.3 ng/ml, all lacked 
the gene. Linkage was considered significant if the logarithm of odds (LOD) score 
was higher than 3.0. The presence of the markers in individual plants was used to 
verify the classification of plants as resistant or susceptible based on the mixtures of 
normal distributions fitted to the virus concentrations. 
Conversion of RAPD markers into sequence tagged site (STS) markers 
RAPD markers were isolated from agarose gels by freeze squeezing and 
dissolved in 10 ul TE (10 mM Tris-HCI, pH=8.0, 1 mM EDTA). An aliquot of 2-3 ul of 
this solution was re-amplified using the original RAPD primers and conditions as for 
the amplification of genomic DNA. The re-amplified DNA fragment was isolated from 
an agarose gel by freeze squeezing and purified by phenol/chloroform extraction. 
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The 3'-ends of the RAPD marker were filled in using Klenow polymerase, 
whereafter the blunt ends were cloned into the dephosphorylated EcoRV site of the 
Plasmid pBluescript SK+ (Stratagene) and used to transform Escherichia coli DH5a. 
Plasmid DNA was isolated following the CTAB miniprep method (Del Sal et al. 
1988). The ends of the cloned RAPD markers were sequenced in the Applied 
Biosystem DNA sequencer using Dye terminator (Perkin Elmer). Specific STS 
primers of about 20-mer oligonucleotides were developed based on these 
sequences. PCR with the STS primers was performed under similar conditions as 
for RAPDs, however, the amount of Supertaq polymerase was increased to 0.2 
units. The thermal cycles used were: 30 cycles of 20 s at 94 °C, 30 s at the specific 
annealing temperature and 30 s at 72 °C, followed by 1 cycle of 5 min at 72 °C. 
0.6 1.0 1.5 2.0 2.5 10 0.6 1.0 1.5 2.0 2.5 3.0 
log10 virus concentration loq10 virus concentration 
Fig. 5.1 Curves fitted to histograms of logio BNYVV concentrations of individual 
plants from the four segregating families, showing the segregation between resistant 
and susceptible classes, a Holly-1-4. b R104. c R128. d WB42. 
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Results 
Resistance tests 
To discriminate resistant and susceptible plants of the segregating families of 
Holly-1-4, R104, R128 and WB42 greenhouse tests were carried out in which 
the rate of virus multiplication in the rootlets of individual plants was estimated by 
ELISA. Fig. 5.1 illustrates the distribution of plants in classes of log10 virus 
concentrations. Although most plants could clearly be classified as resistant or 
susceptible, also plants with intermediate levels of resistance were found. Mixtures 
of normal distributions were fitted to the data to estimate the mean virus 
concentrations (Table 5.2). The segregation ratios of resistant to susceptible plants 
approached the expected ratio to support the hypothesis that resistance against 
BNYVV in Holly-1-4 and R128 is based on a single dominant major gene. For WB42 
and R104, however, the segregation is skewed. 
Identification of RAPD markers linked to genes for resistance to BNYVV 
To identify RAPD markers linked to genes for resistance to BNYVV, bulks of 
DNA were composed of the most resistant and most susceptible plants of the 
segregating families of Holly-1-4, R104, R128 and WB42. For each set of bulks 580 
Operon primers were screened, which resulted in the amplification of more than 
3500 DNA fragments per accession. Between 10-30 primers amplified RAPD 
markers either in a resistant or in a susceptible bulk. These primers were examined 
further on individual plants. The estimated recombination frequencies of several 
identified RAPD markers linked to resistance loci in Holly-1-4, R104, R128 and 
WB42 are presented in Table 5.3. The primers OP-01, OP-02 and OP-09 generated 
DNA fragments that were found to be tightly linked to the resistance locus in 
Holly-1-4, R104 and R128 (Fig. 5.2, Table 5.3). Primer OP-01 amplifies the RAPD 
marker OP-01140o, linked to resistance loci in coupling phase in these three families. 
This marker was not amplified in the segregating family of WB42. The primers 
OP-02 and OP-09 generate RAPD markers OP-0275o and OP-09e4o respectively, 
linked to resistance loci in coupling phase in R104 and R128, but in repulsion phase 
in Holly-1-4. In R104 primer OP-02 also amplifies a further RAPD marker, OP-0210oo, 
which is linked in repulsion phase to the resistance locus. Together, OP-02750 and 
OP-02iooo behave as a single co-dominant marker, segregating for resistance and 
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a. b. 
kb 1 2 3 4 5 6 7 8 9 10 11 12 M kb M 1 2 3 4 5 6 7 8 9 10 11 12 
Fig. 5.2 RAPD markers present in individual susceptible (lanes 1-6) and resistant 
(lanes 7-12) plants of the segregating family of R128. The arrows point to the 
segregating markers, a OP-01i40o. b OP-02750. M = 1 kb DNA ladder. 
susceptibility. The primer OP-02 did not produce markers linked to resistance in 
WB42. The primer OP-03 generated a marker linked to resistance loci in repulsion 
phase in Holly-1-4, R128 and WB42. However, as was the case for all RAPD 
markers linked to resistance in WB42, the linkage between RAPD marker OP-03 
and the resistance locus was low. The primers OP-04 and OP-05 amplify the most 
tightly linked RAPD markers in coupling phase for resistance in WB42. Some RAPD 
markers were linked to resistance in only one of the accessions, like the OP-06 
primer in Holly-1-4, the OP-07 primer in R104 and the OP-08 primer in R128. 
Mapping of the RAPD markers 
The presence of the RAPD markers OP-OI1400 and OP-02750 was analysed in 
the entire populations of Holly-1-4, R104 and R128, including those plants with 
intermediate levels of virus concentration. Both RAPD markers were present in most 
of the plants in the resistance parts of the frequency distribution (Fig. 5.3), except for 
the segregating family of Holly-1-4 in which OP-02750 is present in the susceptible 
plants. These results confirm the analysis of the resistance scores with the mixture 
models. The distribution of the RAPD markers also supports the hypothesis that 
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resistance in Holly-1-4 and R128 is based on a single major gene. For R104 the 
distribution of the markers was as skewed as determined by the mixture models 
(Fig. 5.3). 
Table 5.3 Recombination frequencies between the BNYVV resistance gene and the 
RAPD markers, identified by bulked segregant analysis in segregating families of the 
accessions Holly-1-4, R104, R128 and WB42. 
Primer1 
OP-01 
OP-02 
OP-02* 
OP-03 
OP-04 
OP-05 
OP-06 
OP-07 
OP-08 
OP-09 
OP-10 
OP-11 
OP-12 
OP-13 
OP-14 
OP-15 
OP-16 
OP-17 
OP-18 
OP-19 
OP-20 
OP-21 
OP-22 
OP-23 
OP-24 
OP-25 
F1 Holly-1-4 
C/R2 r3 
C 
R 
-
R 
-
-
C 
-
-
R 
R 
C 
-
-
R 
-
-
-
-
C 
-
-
-
R 
-
C 
0.03 
0.02 
0.16 
0.03 
0.04 
0.13 
0.15 
0.05 
0.08 
0.14 
0.09 
I 
n4 
60 
59 
38 
59 
47 
31 
34 
43 
12 
37 
34 
R104 
C/R 
C 
C 
R 
-
-
-
-
C 
-
c 
-
-
c 
-
-
c 
c 
R 
-
-
-
-
c 
-
c 
-
r 
0 
0 
0 
0.05 
0.04 
0.05 
0 
0.05 
0.02 
0.03 
0.04 
n 
60 
60 
60 
60 
54 
60 
60 
60 
46 
58 
52 
R128 
C/R 
C 
C 
-
R 
-
-
-
-
C 
C 
-
-
c 
-
c 
-
-
-
-
c 
-
-
-
-
-
-
r 
0 
0.02 
0.16 
0.02 
0.02 
0.05 
0 
0 
n 
60 
60 
55 
60 
60 
60 
58 
36 
F1 WB42 
C/R 
. 
-
-
R 
C 
C 
-
-
-
-
-
-
-
R 
-
-
-
-
R 
-
R 
R 
-
-
-
-
r 
0.17 
0.16 
0.20 
0.18 
0.17 
0.17 
0.16 
n 
35 
57 
54 
34 
35 
35 
49 
The sequences of the primers, amplifying RAPD markers linked to resistance, can be 
given by the authors on request 
Linkage to resistance in coupling (C) or repulsion phase (R), - = no difference between 
the bulks of resistant and susceptible plants 
r = Recombination frequencies calculated for a maximum of the 30 most resistant plants 
with a logio virus concentration below or equal to 1.6 ng/ml and a maximum of 30 of the 
most susceptible plants with a logio virus concentration above or equal to 2.3 ng/ml 
n = Number of plants 
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0.6 IJ) 
PTTTT 
IJ 2.0 15 10 0.6 1.0 IJ 2.0 15 10 
0.6 U) IJ 10 15 10 
logJ0 virus concentration 
TTfTTTTI 
IJ 10 15 10 0.6 1.0 
log10 virus concentration 
Fig. 5.3 Histograms of logi0 BNYVV concentrations of individual plants from 
segregating families, a, b Holly-1-4. c, d R104. e, f R128. The black bars show the 
presence of the RAPD markers OP-01i40o (a,c,e) and OP-02750 (b,d,f) in these 
individual plants and demonstrate the high correlation between the classification of 
plants as resistant or susceptible based on these RAPD markers compared to the 
classification based on the mixtures of normal distributions fitted to the log10 virus 
concentrations. 
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RAPD markers linked to resistance were used for the construction of short range 
maps around the resistance locus in the four accessions using the computer 
programme DrawMap (Van Ooijen 1994). In Fig. 5.4 the maps are shown with the 
RAPD markers located on both sides of the resistance locus within a distance of 
25 cM. As resistance was measured as a quantitative character by analysing the 
BNYVV concentrations in rootlets of individual plants, the contribution of the RAPD 
markers to resistance was also determined by a QTL analysis with the computer 
programme MapQTL (Van Ooijen and Maliepaard 1995). For the family of Holly-1-4 
the most tightly linked RAPD markers, OP-01 uoo and the OP-O61500, explain 66 % 
and 61 % respectively of the total phenotypic variance, confirming linkage between 
the markers and a major resistance gene in Holly-1-4. The OP-01 and OP-02 RAPD 
markers explain 70 % and 68 % respectively of the variance in R104 and even 81 % 
and 74% in R128, indicating linkage between these markers and a major resistance 
gene in R104and R128. 
Conversion of RAPD markers into sequence tagged site (STS) markers 
To get a more reliable PCR assay for resistance against BNYVV pairs of STS 
primers were synthesised on the basis of the nucleotide sequence of the ends of the 
RAPD markers OP-01140o, OP-02750 and OP-09&40 linked to resistance loci in 
Holly-1-4, R104 and R128. Using the STS/OP-01 primers a single DNA fragment, is 
amplified in resistant plants of the three accessions (Fig. 5.5a). The STS/OP-02 
primers amplify a marker linked to resistance in coupling phase in R128 (Fig. 5.5b). 
In the R104 family the STS/OP-02 primers generate two fragments, that behave as 
a single co-dominant marker. As expected from the RAPD results, the STS/OP-02 
primers amplify an STS marker in the susceptible plants of the segregating family of 
Holly-1 -4. However, also in resistant plants of this family a band of the same size is 
sometimes amplified, albeit with a lower intensity than the STS marker in the 
susceptible plants. The STS/OP-09 marker based on RAPD marker OP-09&40 is 
generated in the resistant plants of the segregating families of R104 and R128, and 
in susceptible plants of the backcross of Holly-1-4 (Fig. 5.5c). Another STS marker 
without linkage to resistance is also produced in these progenies. 
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Fig 5.5 The presence of STS markers in segregating families using bulks of 
resistant plants of Holly-1-4 (lanes 1,2), R128 (lanes 5,6) and R104 (lanes 9,10) and 
bulks of susceptible plants of Holly-1-4 (lanes 3,4), R128 (lanes 7,8) and R104 
(lanes 11,12). a STS/OP-01. b STS/OP-02. c STS/OP-09. M = 1 kb DNA ladder. 
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Discussion 
Resistance to plant viruses has been classified as dominant, incompletely dominant 
or recessive (Fraser 1990). Due to the preference of breeders for simple inheritance 
the employed resistance to viruses in breeding programmes is often controlled by a 
single locus. In wild populations, however, inheritance of resistance to viruses may 
well be more complex (Fraser 1990). The observed segregation ratios of resistance 
to susceptible plants in the families of Holly-1-4 and R128 suggested that resistance 
to BNYVV is based on a single dominant major gene. However, resistant plants 
were found in a broad range of virus concentrations, which might be caused by the 
involvement of minor genes or environmental variation. For the families of R104 and 
WB42, however, the segregation was skewed and did not fit the expected ratio for a 
single major resistance gene. 
Following the strategy of bulked segregant analysis (Michelmore et al. 1991) 
RAPD markers linked to resistance against BNYVV were identified in the four Beta 
accessions. These markers were used to develop short range maps for the 
resistance locus of each accession. In Holly-1-4 and R128 linkage was confirmed 
between the identified RAPD markers and the major resistance gene. For the 
resistance from Holly-1-4 Lewellen (1988) suggested the name fîzgene. Although 
observed segregation ratios did not enable the identification of a major resistance 
gene in R104, the fact that tightly linked markers co-segregating with the resistance 
were found, suggested a major resistance gene in this family as well. The 
contribution of the two most tightly linked markers to the virus concentrations of 
individual plants of Holly-1-4, R104 and R128 was estimated by QTL mapping. The 
contribution of the RAPD marker OP-01i40o to the explained total phenotypic 
variation differed only slightly in the three accessions. Also for R104 linkage between 
this marker and a major resistance locus was found. The skewed segregation ratio 
in R104 probably is a result of distorted segregation in crosses between the subsp. 
maritima and the subsp. vulgaris. 
The RAPD markers were compared to study whether the resistance loci studied 
are likely to be different or the same. Linkage between, for example, the RAPD 
markers OP-OI1400, OP-0275o and OP-09640, and the resistance loci in Holly-1-4, 
R104 and R128 are an indication for the existence of identical or tightly linked 
resistance loci in these three accessions. Combining of resistance genes from these 
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accessions to improve the durability of resistance might then become rather difficult, 
but still possible when different alleles are involved. The existence of an identical 
allele for resistance in R128, originating from Swiss chard, and the other accessions 
would be surprising, since a relatively large phylogenetic distance on the DNA level 
between B. vulgaris cultivars and chard was found (Jung et al. 1993). 
In earlier studies it was found that resistance to BNYVV in WB42 may be 
based either on one (or more) dominant major genes, showing distorted segregation 
in crosses with B. vulgaris subsp. vulgaris, or on two unlinked complementary major 
genes, which are both required for resistance (Scholten et al. 1996), as has been 
proposed for resistance in potato to potato leaf roll virus (Barker et al. 1994). If two 
complementary genes are responsible for resistance in WB42, markers linked to one 
of the resistance genes would also be amplified in about one-third of the susceptible 
plants, which could explain the low number of markers that was found. However, the 
occurrence of complementary genes conferring resistance to viruses is not very 
likely. The hypothesis of two unlinked dominant major resistance genes in WB42 
could also explain the low number of markers linked to resistance in this accession. 
In that case the plants in the resistant bulk may contain one or both resistance loci. 
The genetic window around the resistance loci will then become larger, resulting in 
the identification of markers further away from the loci of interest. The existence of 
two unlinked resistance loci in WB42, however, is not in correspondence with the 
markers that were identified so far, as all these markers were found to be linked. 
Therefore, it seems most likely that resistance in WB42 is based on one resistance 
locus, showing distorted segregation in crosses with subsp. vulgaris. The result that 
the bulks of resistant and susceptible plants of WB42 did not generate the OP-011400 
and the OP-0275o RAPD marker might be an indication of the existence of a different 
resistance locus in WB42 than in Holly-1-4, R104 and R128. To clarify whether 
different loci are involved the alleles have to be studied using F2 families of crosses 
between the various sources of resistance. 
As a result of this study indirect selection for the resistance gene from Holly-1-4, 
R104 or R128 can be done in breeding programmes without the need for disease 
testing, just by the selection of resistant individuals possessing two flanking RAPD or 
STS markers. The RAPD markers linked to resistance in repulsion phase might be 
useful to analyse selfings of resistant plants for the discrimination between plants 
with homozygous and heterozygous genes for resistance. 
Chapter 6 
Inheritance of resistance to beet necrotic yellow vein virus 
in two accessions of Beta vulgaris 
Abstract 
The inheritance of resistance to beet necrotic yellow vein virus was analysed in two 
accessions: Beta vulgaris subsp. vulgaris Holly-1-4 and subsp. maritima WB42. 
Progenies of crosses between resistant plants of these accessions were studied in 
greenhouse tests to answer the question whether the resistance genes are allelic or 
situated on different loci. STS markers, linked to the resistance genes from both 
accessions, were used to study the segregation data in more detail. The results 
obtained demonstrated that the genes from Holly and WB42 are closely linked, but 
not allelic. As the Holly resistance gene has been named Rz, the name Rz2 is 
proposed to refer to the resistance gene in WB42. Consequently, the gene Rz 
should be referred to as Rzl. The possible occurrence of a second resistance gene 
in WB42 is discussed. 
This chapter has been submitted for publication in a slightly modified version by Scholten 
OE, Klein-Lankhorst RM, De Bock ThSM and Lange W. 
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Introduction 
Beet necrotic yellow vein virus (BNYVV) is the causal agent of rhizomania in sugar 
beet, Beta vulgaris L. (Tamada 1975). The virus is transmitted by the soil-borne 
fungus Polymyxa betae Keskin. Severe infections of beets with BNYVV lead to 
significant decreases in yield and sugar content (Richard-Molard 1985). The most 
effective way to control the disease is the breeding and growth of rhizomania 
resistant sugar beet cultivars (Schlösser 1988, Asher 1993). 
Resistance to rhizomania was found in the B. vulgaris subsp. vulgaris accession 
Holly (Lewellen et al. 1987). In rootlets of Holly plants, average virus concentrations 
were lower than in rootlets of plants of the partially resistant sugar beet cultivar 
'Rima' or the susceptible sugar beet cultivar 'Regina', whereas the number of 
cystosori of P. betae did not significantly differ in these three accessions (Paul et al. 
1994). These observations indicated that the resistance in Holly is based on 
resistance to the virus rather than to the vector. Progenies of crosses between Holly 
and susceptible plants were produced to study the inheritance of resistance 
(Lewellen et al. 1987, Scholten et al. 1996). Although observed segregation data in 
field tests sometimes deviated from expected ratios, resistance in Holly seemed to 
be simply inherited and possibly conditioned by a single dominant gene, named Rz 
(Lewellen et al. 1987, Lewellen 1988). Results of a segregation analysis using 
mixture models on virus concentration data obtained from plants tested in the 
greenhouse confirmed the hypothesis that a single dominant major gene conferred 
resistance to BNYVV in Holly (Scholten et al. 1996). Because of the relative ease to 
introgress single dominant resistance genes into breeding stocks, Holly has become 
very attractive as a source of resistance. 
Resistance to BNYVV was also found in plants belonging to accessions of 8. 
vulgaris subsp. maritima (L.) Arcang. originating from Italy, France, England and 
Denmark, as for example WB42 (Fujisawa and Sugimoto 1979, Whitney 1986, 
1989, Lewellen et al. 1987). Progenies of crosses between resistant plants of 
accession WB42 and susceptible plants of subsp. vulgaris showed that resistance in 
WB42 is dominant, but the number of genes involved in resistance to BNYVV 
remained unclear (Lewellen et al. 1987, Whitney 1989). Also segregation analysis 
based on results of greenhouse tests could not completely elucidate the inheritance 
of resistance to BNYVV in WB42, as the observed segregation ratios supported the 
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hypotheses that resistance in WB42 is based either on one (or more) dominant 
major gene(s) showing distorted segregation, or on two complementary unlinked 
dominant genes which are both required for resistance (Scholten et al. 1996). 
To provide higher levels of resistance with an improved durability, genes 
conferring different resistance mechanisms should be combined in commercial 
hybrids. In greenhouse tests using rhizomania infested soil, average virus 
concentrations in rootlets of plants of resistant progenies of WB42 were lower than 
those of Holly (Scholten et al. 1996). Under high infection pressure, using 
viruliferous zoospores of P. betae, differences between the level of resistance in 
WB42 and Holly were even more clear. Already three days after inoculation the virus 
concentrations in Holly were as high as in 'Regina', while the virus concentration 
remained low in WB42 (Paul et al. 1993c). Studies on the localisation and spread of 
BNYVV in sections of rootlets showed clear differences between WB42 and the 
other accessions, both in the number of cells in which virus could be detected as in 
the distribution of infected cells in different tissues (Scholten et al. 1994). The 
implication of this finding indicated that the mechanism of resistance to BNYVV in 
Holly probably differs from that in WB42 (Paul et al. 1993c, Scholten et al. 1994), 
and might be genetically different (Scholten et al. 1996). 
The aim of the present study was to analyse whether the resistance genes of 
Holly and WB42 are alleles or that they are situated on different loci, which would 
open the possibility of combining the genes. Progenies of crosses between both 
accessions were used to determine segregation ratios of resistant and susceptible 
plants. The inheritance of STS markers, linked to resistance from both accessions 
(Scholten et al. 1997), was studied in addition to the segregation data obtained in 
greenhouse tests, to gain more insight in the inheritance of resistance in WB42. 
Materials and methods 
Plant materials and crosses 
Studies on allelism for resistance to BNYVV were carried out using progenies of 
crosses between the resistant sugar beet accession Holly-1-4 (a selection of Holly) 
and resistant plants of the wild beet accession B. vulgaris subsp. maritima WB42. 
The Holly-1-4 accession consisted of resistant plants only, and originated from a 
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bulk multiplication of plants obtained by selfing one homozygously resistant inbred 
Holly plant. The WB42 selection originated from a bulk multiplication of several 
WB42 plants. Most of these plants were homozygous or heterozygous resistant, but 
also some susceptible plants occurred (Scholten et al. 1996). F1 families were 
obtained by making pair crosses between resistant plants from both accessions. 
Holly-1-4 was used as the pollinator, since the flowering branches of the Holly plants 
were much higher than those of the wild beet WB42, of which the growth habit is 
more prostrate. The F1 families were called F1(91.01), F1(91.10) and F1(91.37). 
Germination of F1 seeds was poor, so that only a few F1 plants, originating from the 
three different pair crosses, could be tested for resistance in the greenhouse. These 
plants appeared to be resistant. Crosses between F1 plants and susceptible 
male-sterile B. vulgaris MS-2 plants were made. These progenies will be referred to 
as BC (backcross) families, because the expected segregation will be identical as for 
true BC families. Selfing of the F1 plants led to the production of F2 seed. 
Greenhouse tests 
To analyse the inheritance of the genes conferring resistance to BNYVV, a first 
experiment was carried out, which consisted of six F2 families, together with the 
control accessions Holly-1-4 and WB42 and the susceptible sugar beet cultivar 
'Regina'. Additional information on the inheritance of resistance was obtained in two 
more experiments. In one, three BC families, together with Holly-1-4, WB42 and 
'Regina' were analysed, and in the other only a F2 family and 'Regina'. Individual 
plants were grown in a mixture of sand and infested soil and kept in the greenhouse 
as described previously (Paul et al. 1992a). Rhizomania infested soil was collected 
on a farm in the Noord-Oost Polder (the Netherlands). In order to avoid escapes, 
bioassays with these soils demonstrated that the soil used in the first experiment 
should not further be diluted with sterilised sand than 1:4 (v/v), whereas in the 
second and third experiment a dilution of 1:9 (v/v) could be applied. The rootlets of 
individual plants were washed and crushed in Potter tubes for ELISA one month 
after transplanting the seedlings. Purified virus, serially diluted in a solution of 
healthy plant sap and PBS-Tween 20 (1:20 v/v), was used to estimate the virus 
concentrations in the rootlets in ng/ml (Paul et al. 1992a). The log10 of the virus 
concentration was used for statistical analysis. 
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Genetical analysis based on segregation ratios obtained in greenhouse tests 
Mixtures of normal distributions were fitted to the virus concentrations to 
estimate segregation ratios of resistant and susceptible plants in F2 and BC families 
(Jansen 1993, 1994, Scholten et al. 1996). To assess major gene activity, the 
likelihood of the distribution obtained in the normal (non mixture) model was 
compared with the likelihood of the distribution obtained in normal mixture models 
with two underlying components, each corresponding to an underlying genotype. 
Resistance to BNYVV in Holly-1-4 is homozygous and based on a single 
dominant major gene (Lewellen et al. 1987, Scholten et al. 1996). Resistance in 
WB42 is more complicated and is based on either one (or more) dominant major 
gene(s) showing distorted segregation in crosses with B. vulgaris subsp. vulgaris, or 
two unlinked complementary dominant genes, which are both required for resistance 
(Scholten et al. 1996). In Table 6.1 an overview is presented of the segregation 
ratios that can be expected based on the hypotheses to explain the inheritance in 
both accessions Holly-1-4 and WB42, and in crosses between them. To study 
possible allelism of resistance genes originating from Holly-1-4 and WB42 in crosses 
between these accessions, the three following main hypotheses were analysed. One 
predicts that the resistance genes in Holly-1-4 and WB42 are allelic, the second that 
the genes in both accessions are closely linked (approximately 20 cM), and the third 
that the genes are unlinked. Each main hypothesis was split into two sub-
hypotheses. The first explains the inheritance of resistance in WB42 by one 
dominant major gene (A) and the second by two unlinked dominant major genes (B). 
Because of the presence of homozygous and heterozygous resistance in accession 
WB42, the genotype of the various F1 plants may differ, and is also included in 
Table 6.1. As will be explained later, the hypothesis of two unlinked complementary 
dominant genes for WB42 could be left out. In case of distortion against genes or 
chromosomes of the subsp. maritima, it is expected that a smaller percentage of 
resistant plants of F2 and BC families will contain the gene(s) for resistance of 
WB42. The %2 tests were carried out using a probability of 0.05. 
Molecular analysis 
Plant DNA was isolated following the procedure described by Van Der Beek et 
al. (1992) or following a modified procedure of Shure et al. (1983), in which about 
1 g of ground leaf material is mixed with 1.5 ml 2 x isolation buffer (0.6 M NaCI, 
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0.1 M Tris pH 7.5, 40 mM EDTA, 4 % (w/v) Na-lauryl sarcosine, 1 % (w/v) SDS), 
1.5 ml 10 M urea and 150 ul phenol. After thoroughly mixing with 3 ml phenol/ 
chloroform, pH 8, the sample was centrifuged for 7 min at 3000 rpm. DNA was 
precipited by adding 0.7 vol of isopropanol to the upper phase, washed with 70 % 
ethanol and dissolved in TE (10 mM Tris pH 8.0, 1 mM EDTA). 
Table 6.1 Expected segregation ratios in progenies of crosses between Holly-1-4 
and WB42. The ratios are calculated on the base of six hypotheses, considering one 
major gene for resistance to BNYVV in Holly-1 -4 and one or two major genes in 
WB42 (A and B), together with possibilities for allelism or linkage (1, 2 and 3). 
A. One major resistance gene in both 
Holly-1-4 (R,1)andWB42(R2) 
B. One major resistance gene in Holly-1-4 (Ri)1, 
and two unlinked major resistance genes in 
WB42 (R2 and R3) 
F1 Expected segregation 
in F2 in BC 
F1 Expected segregation 
in F2 in BC 
A1. Ri and R2 on the same locus B1. Ri and R2 on the same locus 
R1R2 
Rir2 
1 
0.75 
0 
0.25 
1 
0.50 
0 
0.50 
R i R 2 R$r3 
R i R 2 ^ 3 
R i r 2 Rar3 
Ri f 2 T3r3 
1 
1 
0.94 
0.75 
0 
0 
0.06 
0.25 
1 
1 
0.75 
0.50 
0 
0 
0.25 
0.50 
A2. R, and R2 on linked loci (20 cM) B2. Ri and R2 on linked loci (20 cM) 
Rin R2r2 0.99 
RiTi r2r2 0.75 
0.01 
0.25 
0.90 
0.50 
0.10 
0.50 
RiTi R2r2 Rsf3 
Rih R2r2 T3f3 
Rin r2r2 H3I3 
RiTi r2r2 ^ 3 
1 
0.99 
0.94 
0.75 
0 
0.01 
0.06 
0.25 
0.95 
0.90 
0.75 
0.50 
0.05 
0.10 
0.25 
0.50 
A3. Ri and R2 on unlinked loci B3. Ri and R2 on unlinked loci 
R,r, R2r2 0.94 
Rin r2r2 0.75 
0.06 
0.25 
0.75 
0.50 
0.25 
0.50 
RiTi R2r2 Rsr3 
Rii"i R2r2 ^ 3 
RiTi r2r2 R3r3 
Rii"i r2r2 r3r3 
0.98 
0.94 
0.94 
0.75 
0.02 
0.06 
0.06 
0.25 
0.88 
0.75 
0.75 
0.50 
0.12 
0.25 
0.25 
0.50 
1
 R, = Rz (Lewellen 1988) 
2
 In case of distortion against genes or chromosomes of the subsp. maritima the 
percentage of resistant plants containing the WB42 resistance gene(s) will decrease 
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The development of STS markers and PCR conditions have been described by 
Scholten et al. (1997). For the Holly-1-4 resistance gene a primer set was used that 
amplified the marker STS/OP-01, further referred to as H, which was mapped 
previously at about 2 cM of the resistance gene. The primer set of STS/OP-06, 
which amplified a marker mapped at the other side of the gene than STS/OP-01 
could not be used, because it also amplified a marker in WB42 plants without 
linkage to resistance. For WB42 the RAPD marker OP-04 was converted into an 
STS marker, further referred to as W, which was previously mapped at a distance of 
about 11 cM of a resistance gene. 
Results and discussion 
Genetical analysis of resistance in crosses between Holly-1-4 and WB42 
Mixtures of normal distributions were fitted to the virus concentrations to 
estimate the segregation ratios of resistant and susceptible plants in BC and F2 
families resulting from crosses between Holly-1-4 and WB42 (Table 6.2). The logio 
virus concentration in rootlets of plants of the resistant accession Holly-1-4 varied 
from 0.6 ng/ml, which is around the detection limit, to a maximum of 2.0 ng/ml. In all 
rootlets of the susceptible cultivar 'Regina' the logio virus concentration was above 
2.0 ng/ml. In WB42 most plants were considered as resistant, because low virus 
concentrations were found in their rootlets. However, also some plants were found 
with virus concentrations which were comparable to those in 'Regina'. These plants 
were considered to be susceptible. 
In the rootlets of four plants belonging to the family F2(92.20) and four belonging 
to BC(93.40) the estimated virus concentrations were as high as in the susceptible 
cultivar 'Regina'. Due to this small number of plants with high virus concentration 
compared to the large number of plants with low virus concentration, it was not 
possible to fit mixtures of normal distributions to the data on the virus concentration 
found in individual plants. The observed segregation ratios in these families are 
based on the classification of plants as susceptible when the log10 virus 
concentration was higher than 2.0 ng/ml. The occurrence of resistant and 
segregating F2 families can be explained by the fact, that the WB42 accession 
consists of plants with homozygous and heterozygous resistance. 
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Table 6.2 Estimated mixture model parameters based on log10 of BNYVV 
concentration (in ng/ml) in rootlets of individual plants obtained after selfing F1 
plants of crosses between the resistant accessions Holly-1-4 and WB42, and plants 
obtained from crosses between F1 plants and the susceptible accession MS-2, 
together with Holly-1-4, WB42 and the susceptible cultivar 'Regina' as controls. 
Plant 
materials1 
Experiment 
F2(92.29) 
F2(93.40) 
F2(93.41) 
F2(92.20)4 
F2(93.42) 
F2(93.43) 
Holly-1-4 
WB42 
'Regina' 
Experiment 
BC(93.40)4 
BC(93.42) 
BC(93.43) 
Holly-1-4 
WB42 
'Regina' 
Experiment 
F2(92.20) 
'Regina' 
n2 
/ 
92 
32 
32 
54 
32 
32 
40 
40 
64 
// 
96 
96 
94 
16 
16 
16 
/// 
104 
32 
Observed 
segregation 
ratios R:S 
1 
1 
1 
0.93 
0.73 
0.77 
0.96 
0.54 
0.53 
1 
0 
0 
0 
0.07 
0.27 
0.23 
0.04 
0.46 
0.47 
0 
95% 
confidence 
intervals3 
±0.14 
±0.12 
±0.18 
±0.16 
Mean log™ 
of resistant 
plants 
0.54 
0.74 
0.62 
0.72 
0.67 
1.27 
1.08 
0.38 
1.20 
1.12 
1.53 
1.20 
1.12 
1.50 
virus concentration 
of susceptible 
plants 
2.39 
1.80 
2.00 
2.05 
2.47 
2.20 
2.04 
2.37 
2.41 
2.25 
2.50 
SD 
0.41 
0.30 
0.18 
0.34 
0.28 
0.29 
0.29 
0.15 
0.31 
0.20 
0.45 
0.43 
0.12 
0.18 
0.09 
( ) = Identification number of the crosses. Resistant F1 plants were selected from 
F1(91.01) for the production of BC and F2(93.42), from F1(91.10) for F2(92.20) and BC 
and F2(93.43) and from F1(91.37) for F2(92.29), BC and F2(93.40) and F2(93.41) 
n = Number of plants 
The 95 % confidence interval is based on the mean observed ratios ± 1.96 * standard 
error. If 0.75 fits within the 95 % confidence interval for resistance the hypothesis is 
accepted that 75 % of the plants can be resistant. 
Due to the small number of susceptible plants in F2(92.20) and BC(93.40) the mixture models 
could not be applied. In that case SD varies for resistant and susceptible means 
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If the hypothesis that resistance in WB42 is conferred by two complementary 
unlinked dominant genes would be valid, at least 3 % of the F2 plants were expected 
to be susceptible. The identification of three resistant F2 families, F2(92.29), 
F2(93.40) and F2(93.41), all originating from the same F1 family, from which in total 
156 plants were tested, resulted in rejection of this hypothesis (%2 =4.82 for the 
combined F2 families). Additional evidence for rejection of this hypothesis can be 
derived from the result of family BC(93.40). For this family it was expected to find at 
least 25 % susceptible plants, whereas only 4 % appeared to be susceptible 
(%2 = 22.55). These results indicated that it was neither useful to test this hypothesis 
any further in the analysis nor to present the expected segregation data in Table 6.1. 
The observed segregation ratios of the families BC and F2(93.42) and BC and 
F2(93.43), originating from two different F1 families, fitted every possible hypothesis 
mentioned in Table 6.1. This finding implicates that the results obtained with these 
families were not useful in the present study. 
The occurrence of the three resistant F2 families F2(92.29), F2(93.40) and 
F2(93.41) also eliminated the hypothesis that the resistance genes in Holly-1-4 and 
WB42 are unlinked (Table 6.1, A3, % = 9.96 for the combined F2 families and 
X2 = 5.87 for F2(92.29)). However, if an additional resistance gene, originating from 
WB42 had been present in the F1 plant, the hypothesis of unlinked genes could not 
be rejected (B3, F1 genotype Rin F ^ Ft3r3, %2 = 3.18). 
Rejection of the hypothesis A3 (Table 6.1) is in agreement with results obtained 
in family BC(93.40) which originates from the same F1 family as the resistant F2 
families (x2 = 22.25). However, in contrast to the F2 families, BC(93.40) segregated 
for resistance, as four out of the 96 plants tested appeared to have a high virus 
concentration in their rootlets. This result leads to the rejection of the hypothesis that 
the resistance genes of Holly and WB42 are unlinked, even when an additional 
resistance gene would have been present in the F1 parent (Table 6.1, B3, 
X2 = 5.58). Also the hypotheses A1 and B1, which assumed that the resistance 
genes in Holly-1-4 and WB42 are allelic, could be rejected because of the four 
susceptible plants that have been found in BC(93.40). Combined results of the BC 
and F2 families supported the hypothesis that the resistance genes in Holly-1-4 and 
WB42 are closely linked. Thus two possible hypotheses are left to describe the 
inheritance of resistance in WB42 (Table 6.1, A2 and B2). One of these hypotheses 
assumes that resistance to BNYVV is conferred by one single dominant major gene 
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R2, whereas in the second two unlinked dominant major genes are involved in 
resistance, referred to as R2 and R3. 
To discriminate between these two remaining hypotheses the results of 158 
plants of the family F2(92.20) were analysed (Table 6.2). In one experiment four out 
of 54 plants were classified as susceptible. This result could be explained if an 
additional resistance gene is present in WB42 (Table 6.1, B2, F1 genotype Rin r2r2 
R3r3). Because of the potential importance of this result, the greenhouse test was 
repeated with another 104 plants which all appeared to be resistant. The results of 
both tests did not lead to the rejection of either hypotheses A2 and B2, so that the 
genotype of F1 could have been R^i R2r2 or Rin R2r2 r3r3 (x2 =3.74), or Rin r2r2 
R3r3 (x2 = 3.37), where R, is linked to R2 and unlinked to R3 (Table 6.1, A2 and B2). 
The possibility of Rih R2r2 R3r3 as the genotype of the F1 parent was rejected (%z = 
32.98). 
Since the families BC(93.40) and F2(92.20) are segregating for resistance and 
susceptibility and their F1 parents must have contained at least one resistance gene 
derived from WB42 linked to Ri, these families are useful to estimate the distance 
between Ri and R2. The number of susceptible plants in the BC and the F2 can be 
used to determine the fraction of recombinant plants (r), which represents the 
linkage between the two resistance genes. Four out of 96 plants of BC(93.40) have 
been classified as susceptible. If the F1 plant of BC(93.40) would genotypically have 
been Rin R2r2, the non-recombinant progeny plants only contain Ri or R2, whereas 
the recombinant plants are either resistant and contain both resistance genes, or 
susceptible, because none of the resistance genes are present. If the F1 plant can 
indeed be described as R^u R2r2, the susceptible plants of the BC represent half the 
number of recombinant plants (= 0.5 * r), so that for BC(93.40) r can be estimated as 
2 * 4/96 = 0.08 and the distance between Ri and R2 as about 8 cM. With the x2 test 
the distance between Ri and R2 was determined to fall within an interval of 4 to 
20 cM. The presence of an additional gene for resistance in WB42 could not be 
ruled out in BC(93.40). If the genotype of the F1 plant would have been Rih R2r2 
R3r3, the susceptible plants represent 0.25 * r = 4/96, leading to a distance of about 
16 cM between Ri and R2, and at least within an interval of 7 to 40 cM. 
This approach can also be used for F2(92.20). In this F2 family 4 out of 158 
plants were classified as susceptible. If F2(92.20) originated from an F1 plant with 
the genotype R-in R2r2, the fraction of susceptible plants would have been 0.25 * r2, 
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meaning that the distance between Ri and R2 can be estimated as 32 cM, with a 
minimum distance of 20 cM. As was already mentioned in the previous paragraph, 
the segregation ratio in this family also supported the hypothesis that the genes are 
unlinked, meaning that the distance is larger than 50 cM. The hypothesis of an 
additional unlinked gene derived from WB42 had already been rejected for this F2 
family. 
A distance of 20 cM between Ri and R2 can explain all the segregation ratios 
obtained in these crosses. Comparison between the observed and expected 
segregation ratios of resistant and susceptible plants in the different families ended 
up with the conclusion that the resistance genes in Holly-1-4 and WB42 are not 
allelic but closely linked and that the presence of an additional gene for resistance in 
WB42 could not be ruled out. 
Genetical analysis of resistance using the markers H and W 
To test the two hypotheses that the resistance genes in Holly-1-4 and WB42 are 
closely linked and that perhaps an additional gene is present in WB42, the 
inheritance of the STS markers H and W, linked to resistance genes from Holly-1-4 
and WB42, respectively, was analysed (Table 6.3). Observed segregation ratios of 
the presence or the absence (indicated by -) of the markers H and W were 
compared to the expected segregation ratios. The segregating families BC and 
F2(93.42) could not be used since the markers H and W were neither amplified in 
resistant plants of these families nor in the original F1 plant, probably as a result of a 
recombination between Ri and H. 
The segregation ratios of BC and F2(93.43) (Table 6.2) indicated that in the F1 
parent only one resistance gene was present. Since the Holly-1-4 parent was 
homozygous resistant, this gene must have been the Holly gene. It thus can be 
concluded that the WB42 parent must have been heterozygous resistant. The 
results of the segregation analyses were supported by the results of the STS 
markers, which demonstrated that only the marker linked to resistance in Holly-1 -4 
was amplified in the F1 parent and the segregating families BC and F2(93.43) 
(Table 6.3). In a previous study a distance of 2 cM was estimated between the Holly 
resistance gene and the marker H (Scholten et al. 1997), meaning that about 2 % of 
the gametes are recombinants. As a result, it is expected that the marker is absent 
in 2 % of the BC and 0.04 % of the F2 plants. Although the number of resistant 
CO 
CO 
CO 
a> 
c 
a> 
co 
a> 
-•-• <n 
co 
É 
T3 
0 
Ç 
.—. co — ÇM «5 >< 
3 ; CD CD 
00 . c co 
5 o -2 
.c S 
® m « 
§ t- .9 
(O T > 
2 V <o 
o ^ £ 
*- o l_ 
-a I 
r^: co 
> Cü 
1 5 
CO 
CD 
O ) 
c 
CO g 
'E o 
• o 
.—. CD 
•sf CD 
o, 
CO 
E 
•i—» 
CO 
1— 
CO 
a. 
0 
co 
o 
3 
o >, 
co - Q 
0 7 3 
• = 0 
co ,£ 
c 
o 
_2 - o 
C "O co 
= c — 
" ^ CO CM 
0 0 > 
o 
0 o c 
CO 
co 
'co 
0  
S IJ-
co 
0 
.*: 
t _ 
CO 
E 
f-E 
CO ^ 
0 cO 
O) 'f 
0 + 
co • 
• o ^ 1 
c o 
X 
0 ro 
CL. C 
CO 
• • - ' ço 
'co 
0 
H-
eó 
co 
0 
0 
o 
c 
0 co 
u _ co 
O '(O 
co P 
. Q c I S 
« « « 
ço o 
'co - n 
o g-
X CO 
_cö 
Q . 
CD c 
c iS 
CO U? 
CO CO i 
ÇD 0) I 
°- c 
73 — 
CD Ç0 
O O 
CD ^ 
LU E x 
<D 
co c 
E « 
» . CL 
co 
s 's 
£ .S 
^0 
co 
c S 
CO co 
E E 
<D 
Q . 
>. 
O 
C 
<D 
O) 
JD 
_Q 
CO 
CO 
O 
O-
H— 
O 
ço 
'co 
CU 
.c 
o 
Q . 
>. X 
TL 
c 
a> 
co 
CD 
t— 
Q. 
X 
o 
i - co q i--. 
co co 
CD CD 
T - CM 
O CO 
o o 
a> co 
•^ o 
CM •* 
CM O 
CM CO 
CM i -
CM • * 
oc 
O 
CM 
OC 
CD 
a . 
>< 
o c 
CD 
O ) 
-CD 
.Q 
'co 
co 
o 
a_ 
o 
co 
'co 
CD 
o 
Q . 
>> 
I 
LL 
C 
C 
CD 
CO 
CD 
00 
CO 
CD 
>-
O 
CO 
O 
CM 
CM 
00 
CM 
00 2 
cd S 
o f». 
cvf ü 
Li. CD 
O . 
X 
>-c 
O 
o 
CM 
<M 
Oï. 
OU 
LL 
O 
i n 
73 
c 
CO 
X 
Ç0 
CD 
CO 
E 
CD 
Q . 
>~ 
O 
c 
CD 
cn 
LL 
_ÇD 
'co 
co o 
Q . 
CO 
'co 
CD 
O 
Q . 
>. 
X 
c 
CD 
CO 
CD 
CL 
5 
73 
C 
CO 
U) s o 
T-Ê CO T -
00 Ö CD 
co co co 
CD CD CD 
O 00 O 
o oo q 
6 T^  d 
o CM in 
m co CM 
<D I f ) N 
CO 
m CD CM (D ui s co 
O 00 o 
o oo i n 
co' T ^ -<t 
O CM O 
h- co co 
co 
O 00 I*-
T- CO 
co in en 
CM I - - CU 
o 2 -
• * ^ • * 
co co cd 
92. Si- en, 
C\T O CM 
LL CD LL, 
CD 
c 
o 
« 
O ) (D 
i _ 
D ) 
CD 
CO 
O 
CO 
CD 
CO 
CO 
J0 
O 
o 
co 
cd 
o 
m 
c 
o 
-CO g 
en q 
ÇD O 
O) C 
CD CO 
CO SZ 
O 
V) 
CD CO 
CO 
CD 
CO 
CO 73 
g 32 
Ö 05 
O S 
£ «2 
o co 
CD 
co e» 
O .Ç0 
o c 
s^ o 
00 O ) 
C CD 
<o S 
a> 
E 
3 
c 
o 
« o 
'^ c 
CD 73 
II 
— 
CL 
C 
« o5 
'co 
CD 
> 4 _ 
O 
CD 
ü 
E 
3 
z 
ii 
c 
CD 
C3) 
i _ 
_C0 
CO 
CD 
CO 
3 
cr 
co 
'£ 
o 
CD 
£1 
:±= 
T3 
CD 
O 
CD 
CL 
X 
CD 
CD 
sz 
o 
>. 
3 CO 
.a 
o )_ CL 
Chapter 6 77_ 
plants investigated was small for BC and F2(93.43), the observed segregation ratio 
of marker H fitted the expected ratio. However, due to the absence of the resistance 
gene from WB42 in these families, the results do not contribute to accepting or 
rejecting the hypothesis that the resistance genes of Holly-1-4 and WB42 are closely 
linked, or that an additional resistance gene is present in WB42. 
The segregation ratio in F2(92.20) indicated that resistance in this family was 
conferred by two resistance genes originating from Holly-1-4 and WB42 and 
predicted the amplification of both STS markers H and W by PCR. However, only 
the marker H was amplified in the F1 parent and some plants of the F2 family. The 
segregation of marker H in this F2 family could not be explained using the 
hypothesis that resistance in this family was conferred by the Holly resistance gene 
only, because the percentage of plants without the marker H was significantly larger 
than the expected 0.04 % (%2 = 7217.04). The observed segregation ratio of marker 
H could only be explained if the F1 plant also contained a resistance gene from 
WB42 (Table 6.3). The absence of marker W must have been the result of a 
recombination event between W and the gene R2 (Table 6.1), or the presence of an 
additional resistance gene R3. The implication of this finding leads to the conclusion 
that two possible hypotheses remain for the genotypical description of the F1 plant: 
RiTi R2r2 or Rin r2r2 R3r3. The observed segregation of the marker H in F2(92.20) 
cannot be explained by distortion of segregation of genes or chromosomes of subsp. 
maritima, as in that case a larger number of plants should contain the Holly marker. 
In the non-segregating families F2(93.40) and F2(93.41) and the segregating 
family BC(93.40), in which only four susceptible plants were identified, both STS 
markers were amplified (Table 6.3). The segregation of the markers H and W was 
first investigated in BC(93.40). Equal segregation ratios of 25 % could have been 
expected for each of the groups HW, H-, -W and - , if the markers H and W would 
have been unlinked. This hypothesis was firmly rejected (x2 = 60.57). Rejection of 
this hypothesis thus supported the hypothesis that H and W are linked. This result 
indicated that DNA of plants in which either marker H or W was amplified appeared 
to be derived from non-recombinant plants, whereas those in which both markers or 
in which no markers were amplified were the result of a recombination event 
between H and W. The segregation ratio of the markers in the BC family was then 
used to estimate the distance between the two linked markers. Out of the 75 plants 
of which the DNA was analysed by PCR, four recombinant plants were identified, 
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indicating that the estimated distance between H and W is about 5 cM, with an 
interval of 2 to17 cM. An estimation of 5 cM fits to both F2(93.40) (%2 = 3.15) and 
F2(93.41) (x2 = 0.10) (Table 6.3). The result of this finding leads to the conclusion 
that H and W are closely linked. 
Mapping the markers in crosses between Holly and WB42 
In a previous study the markers H and W were mapped at 2 cM and 11 cM of 
the resistance gene in Holly-1-4 and WB42, respectively (Scholten et al. 1997). This 
study demonstrated that a distance of about 20 cM between Ri and R2 is most likely, 
as it explained all the segregation ratios obtained in progenies of crosses between 
Holly and WB42. The markers H and W are linked within a distance of 2 and 17 cM. 
This information was used to construct a possible short-range map, containing these 
four alleles, using the computer programme DrawMap (Van Ooijen 1994) (Fig. 6.1). 
The hypothetical distance of 20 cM between Ri and R2 fits very well with a distance 
of 11 cM between H and W. 
15 
26 
H 
R1 
w 
R2 
Fig. 6.1 Short-range map showing the position of the resistance genes of Holly-1-4 
(Ri) and WB42 (R2) and the markers H and W, originally identified as linked to these 
genes for resistance. 
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Inheritance of resistance in WB42 
In previous studies the number of genes conferring resistance in WB42 
remained unclear (Whitney 1989, Scholten et al. 1996). Results of the present study 
indicate that resistance to BNYVV in Holly-1-4 and also in WB42 is conferred by a 
dominant major gene. However, in some F1 plants the presence of a second 
resistance gene of WB42 could not be ruled out, as the observed segregation ratios 
did not fit the expected segregation ratios. In other F1 plants, the hypothetical 
presence of an additional resistance gene could neither be confirmed nor excluded. 
Distortion of segregation of maritima chromosomes or genes was not observed in 
the so-called BC families obtained from crosses between Holly-1-4 and WB42. Also, 
the number of plants in which the Holly marker was amplified, compared to the 
number of plants in which the WB42 marker was amplified, did not differ significantly 
in the BC and F2 families analysed. The difference in segregation in crosses 
between WB42 and Holly, compared to crosses between WB42 and susceptible 
plants of the subsp. vulgaris (Scholten et al. 1996) is not understood. Maybe one of 
the ancestors of Holly also belonged to the subsp. maritima, resulting in a decreased 
distortion in crosses between WB42 and Holly compared to other plants belonging to 
subsp. vulgaris. 
Concluding remarks 
Lewellen (1988) proposed the use of the name Rz to refer to resistance against 
BNYVV from Holly. For the resistance gene in WB42 the name Rz2 is now proposed 
to underline the identification of a new gene in the section Sefa that confers 
resistance to BNYVV. Consequently, the gene Rz should be referred to as Rz1. 
Pyramiding both genes will not be an easy task, because of their tight linkage. 
Molecular markers flanking the resistance genes on short distances are needed to 
select plants which contain both resistance genes. Molecular markers and linkage 
maps also have great potential to study the phenomenon of possible distorted 
segregation in more detail. Another option in breeding sugar beet hybrids is the 
development of maternal and paternal families containing, respectively, Rzl and Rz2 
in a homozygous state. The genes could then be combined after crossing the two 
families to produce a hybrid. Alternatively, the genes of Holly and WB42, preferably 
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Rz2, may be isolated and cloned, followed by transformation of plant material. 
Combining resistance from Holly and WB42 may not only result in a higher level of 
resistance but also provide a more durable resistance. 
Chapter 7 
Summary and concluding remarks 
Currently, rhizomania is the most important disease of sugar beet in Western 
Europe and in the USA. The disease is caused by beet necrotic yellow vein virus 
(BNYVV), which has been classified as a furovirus. The research described in this 
thesis was aimed at the characterisation of various sources of resistance to 
rhizomania. Special emphasis was put on the mechanism and inheritance of the 
resistance in the sugar beet selection Beta vulgaris L. subsp. vulgaris accession 
Holly-1-4 and in the wild beet B. vulgaris subsp. maritima (L.) Arcang. accession 
WB42. 
A general overview of rhizomania in sugar beet has been presented in 
Chapter 1. Infection with BNYVV can lead to severe decreases in root yield and 
sugar content. The molecular characterisation of the virus and the replication in plant 
cells has been described, as well as, the transmission of the virus by the soil-borne 
pathogen Polymyxa betae Këskin. The vector P. betae cannot be controlled 
economically by chemical treatment. As a result of the high persistance of the virus 
and the fungus, which both remain infectious in the soil for at least fifteen years, a 
wider crop rotation will not affect the incidence of the disease. Therefore, breeding 
for rhizomania resistance is considered to be the most promising approach to deal 
with the disease and is at present one of the major tasks in sugar beet breeding 
programmes. 
Possibilities of breeding for resistance to rhizomania have been reviewed in 
Chapter 2. The identification and evaluation of Beta accessions, carrying different 
genes for resistance to BNYVV is of great importance. This is especially true for 
genes which are not allelic and confer different types of resistance mechanisms. 
Such genes can be combined by making crosses to produce new resistant cultivars. 
Pyramiding disease-resistance genes may not only increase the level of resistance, 
but will also delay the development of resistance-breaking strains of the virus. 
82 Chapter 7 
Progress in breeding for rhizomania resistance has been achieved by introgression 
of natural resistance genes as well as by using pathogen-derived resistance, i.e. the 
transformation with viral genes. 
To investigate whether the resistance mechanism in the accessions Holly-1-4 
and WB42 are different, histological analyses of infected rootlets of these 
accessions were carried out (Chapter 3). When infection was obtained through 
infested soil low virus concentrations were found in the rootlets of Holly-1-4 and 
WB42 as well as in the partially resistant cultivar 'Rima', and a high virus 
concentration in the rootlets of the susceptible control (cultivar 'Regina'). However, 
when a zoospore suspension of P. betae was used as inoculum, average virus 
concentrations in 'Rima' and Holly-1 -4 were the same as in the susceptible control, 
whereas only in WB42 a low virus concentration was found. This difference in viral 
replication in rootlets of Holly-1-4 and WB42 was a first indication for the existence 
of different resistance mechanisms in these accessions. The localisation of the virus 
was studied using semi-thin sections of rootlets. In WB42 the virus occurred only in 
small aggregates and seemed to be restricted to the epidermis and some cells of the 
cortex parenchyma. Large clusters of virus were detected in the epidermis and 
cortex parenchyma, and also in the endodermis and interstitial parenchyma of 
rootlets of Holly-1-4 and the susceptible control. From these studies it was 
concluded that the mechanism of resistance in WB42 was different from that in 
Holly-1 -4, which resulted in differences in the level of resistance. 
In addition, studies on the inheritance of virus resistance in Holly-1-4 and WB42 
were carried out (Chapter 4). Crosses between these accessions and the 
susceptible garden beet 'Queen' resulted in F1 plants. Resistant F1 plants were 
selfed to produce F2 families or were crossed with susceptible male-sterile MS-2 
plants to obtain backcross families. To determine the level of resistance in individual 
plants of these segregating families, greenhouse tests were carried out using 
seedlings infected through rhizomania-infested soil. To estimate ratios of resistant 
and susceptible plants, mixture models were applied. The likelihood that the virus 
concentrations in plants of a family were normally distributed was compared to the 
likelihood that these data consisted of mixtures of normal distributions. The 
hypothesis that Holly-1-4 contains a single dominant major gene, earlier named Rz, 
was accepted. The results obtained with WB42 could not discriminate between the 
hypotheses that resistance is based on either one (or more) dominant major gene(s) 
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showing distorted segregation in crosses with the subsp. vulgaris, or two 
complementary dominant genes, which are both required for resistance. 
Furthermore, it was shown again that BNYVV resistance in WB42 usually is more 
effective than in Holly-1 -4, and that this difference has a genetic base. 
Further research on the inheritance of rhizomania resistance was carried out 
after the identification of random amplified polymorphic DNA (RAPD) markers linked 
to the resistance genes. Such markers were obtained following the approach of 
bulked segregant analysis (Chapter 5). Except for segregating families of Holly-1-4 
and WB42, two other families were included in this study, based on the accessions 
R104 and R128. These accessions carry resistance genes derived from subsp. 
maritima and from a leaf beet belonging to the subsp. vulgaris, respectively. 
Because these accessions originated from different countries, it was thought that 
they accessions could carry different resistance genes. Short-range maps were 
established around the resistance loci in these accessions. In the segregating 
families of Holly-1-4, R104 and R128 some tightly linked RAPD markers were 
generated, which appeared to be identical in these accessions. This observation is 
an indication that resistance genes in these accessions might be clustered or even 
situated at the same locus. Combining resistance genes of these accessions would 
then become very difficult or perhaps impossible by traditional plant breeding. 
Discrimination of resistant and susceptible plants on the basis of the presence or 
absence of the identified RAPD markers confirmed the results of segregation 
analysis by using mixture models. For WB42, only some RAPD markers were 
identified at a relatively large distance from the resistance gene. Three RAPD 
markers were converted into sequence tagged site (STS) markers, which are more 
reliably amplified and can readily be used for marker assisted selection in breeding 
programmes. Application of such markers may result in a lower number of plants 
required in greenhouse and/or field tests. Molecular markers also provide tools for 
other resistance strategies, such as the pyramiding of single dominant major genes 
to improve the durability of the resistance. 
Finally, studies on resistance to BNYVV were carried out using progenies of 
crosses between Holly-1-4 and WB42 (Chapter 6). F2 families were obtained by 
selfing F1 plants and so-called backcross families by making crosses between F1 
plants and susceptible male-sterile MS-2 plants. Results from greenhouse tests 
demonstrated the presence of resistant and segregating families. Again mixture 
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models were applied to assist in the classification of resistant and susceptible plants 
and to estimate the segregation ratios in F2 and BC families. In two families, mixture 
models could not be applied, because of the small numbers of susceptible plants 
that were found compared to the number of resistant plants. Analysis of the 
segregation indicated that the resistance genes in Holly-1-4 and WB42 are not allelic 
but closely linked. To further test this hypothesis, PCR-analysis was carried out 
using primer sets which amplified the STS markers linked to resistance in both 
accessions. Results of the marker segregation analyses confirmed the results of the 
greenhouse test analysis, meaning that the resistance genes in Holly-1-4 and WB42 
are indeed closely linked. To underline the identification of a new gene in the section 
Beta that confers resistance to BNYVV, the name Rz2 was proposed for the 
resistance gene WB42, and consequently the gene Rz should be referred to as Rz1. 
As discussed in Chapter 6, this study could not rule out the possibility that a second 
unlinked gene for resistance exists in some WB42 plants, In the near future, 
progenies of crosses between some of the other resistant accessions will be 
analysed to demonstrate or exclude that the genes in these accessions are alleles. 
To complete the present study, more markers located on both sides of the genes are 
needed. In this respect the identification of AFLP markers is to be preferred. This 
kind of molecular markers forms a very powerful tool to screen many markers in a 
relatively short time, using relatively small amounts of DNA. The combining of 
several genetic maps of sugar beet, which are already in use at various breeding 
companies, and the availability of RFLP markers linked to the resistance genes 
would largely facilitate further studies on the inheritance and breeding for resistance 
to rhizomania. For an effective application of molecular approaches in breeding and 
research it is necessary to have sufficient genetic variation for rhizomania 
resistance. This implies that genes for resistance to BNYVV and to P. betae, derived 
from the wild subsp. maritima, are becoming increasingly important. It was shown 
that molecular markers mapped in certain populations are not necessarily 
polymorphic within the breeding gene pool. An advantage of the introgression of 
resistance genes from wild taxa, is that it is highly likely that closely linked markers, 
once identified, will remain useful. A disadvantage of the involvement of wild species 
is the introduction of undesirable genes which are transferred into the breeding 
materials along with the desired trait. For that purpose molecular markers in regions 
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unlinked to resistance have the potential to eliminate such traits. However, 
considering the economical aspects, this method seems appropriate only when 
marker assays are less expensive than they are to date. 
The identification of more molecular markers, tightly linked to one of the 
resistance genes might stimulate the initiation of projects to isolate and clone genes 
conferring resistance to BNYVV by chromosome walking. Most of the genes that 
have been cloned until now hybridise to multigene families within the original 
species, which suggests that other resistance genes can be isolated by cross-
hybridisation. The homologous sequences found in several resistance genes imply 
that cloning may also be possible using PCR with oligonucleotide primers for 
conserved sequences. However, if there are many related sequences in the 
genome, it will be a challenge to identify the sequences encoding the targeted trait. 
After amplification of soybean and potato DNA, using oligonucleotide primers 
designed for conserved sequences from coding regions of isolated and cloned 
disease resistance genes, several PCR products were obtained, which were 
mapped near known resistance genes (Kanazin et al. 1996, Yu et al. 1996, Leister 
et al. 1997). These results implied that plant resistance genes effective against for 
example viruses and fungi may indeed be isolated based on common sequences 
and PCR. After isolation of the studied rhizomania resistance genes it will become 
clear whether the various resistant accessions carry different genes conferring 
different resistance mechanisms. If this is the case, these genes could be combined 
through transformation of sugar beet in order to obtain highly resistant cultivars. 
Because of increased possibilities for gene isolation, other sections of the genus 
Sefa, such as Procumbentes and Corollinae, which contain genes conferring 
resistance to P. betae, are also becoming of interest. Isolation of such resistance 
genes will mark the beginning of a new era in sugar beet breeding. 
86_ 
Samenvatting 
Rhizomanie is de belangrijkste ziekte van suikerbieten in West Europa en de 
Verenigde Staten. De ziekte vormt een ernstige bedreiging voor de suikerbietenteelt, 
doordat infectie met het virus grote verliezen in wortelopbrengst en suikergehalte tot 
gevolg kunnen hebben. Veredeling op rhizomanieresistentie wordt dan ook gezien 
als het enige alternatief in de stijd tegen deze ziekte. Het onderzoek, dat in dit 
proefschrift is beschreven, was gericht op de karakterisering van 
rhizomanieresistentie in een aantal ßefa accessies. De nadruk lag op de 
bestudering van de mechanismen en de overerving van resistentie in de cultuurbiet 
Beta vulgaris L subsp. vulgaris accessie Holly-1-4 en de wilde strandbiet B. vulgaris 
subsp. maritima (L.) Arcang. accessie WB42. 
Rhizomanie wordt veroorzaakt door het bietenrhizomanievirus, in het Engels 
'beet necrotic yellow vein virus' (BNYVV), een virus dat behoort tot de furovirussen. 
Een introductie over de problemen met betrekking tot rhizomanie in het algemeen 
wordt gepresenteerd in Hoofdstuk 1. Aandacht wordt geschonken aan de 
moleculaire eigenschappen van BNYVV en de replicatie van het virus in 
plantencellen. Tevens wordt de overdracht van het virus door de bodemschimmel 
Polymyxa betae Keskin belicht. Deze schimmel kan niet op een rendabele wijze met 
chemische middelen bestreden worden. Vruchtwisseling heeft eveneens geen 
effect, doordat vanwege de hoge persistentie van zowel het virus als de vector beide 
tenminste vijftien jaar in grond infectieus kunnen blijven. 
De mogelijkheden van rhizomanieresistentieveredeling worden uiteengezet in 
Hoofdstuk 2. Het identificeren en evalueren van Beta accessies met verschillende 
genen voor rhizomanieresistentie is van groot belang. Dit is beslist het geval voor 
genen, die niet allelisch zijn en een verschillend type resistentiemechansime 
bewerkstelligen. Dergelijke genen kunnen door middel van kruisen gecombineerd 
worden ter verkrijging van nieuwe resistente cultivars. Het stapelen van resistentie-
genen zal niet alleen het niveau van resistentie verhogen, maar zal ook een 
vertraging opleveren in de mogelijke ontwikkeling van virusstammen die het 
resistentiegen kunnen doorbreken. Progressie is zowel verkregen door introgressie 
van natuurlijke resistentiegenen als door transformatie met virale genen. 
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Om te onderzoeken in hoeverre de resistenties in Holly-1 -4 en WB42 gebaseerd 
zijn op verschillende mechanismen, zijn inoculatieproeven uitgevoerd alsmede 
histologische studies aan geïnfecteerde zijwortels van deze accessies (Hoofdstuk 3). 
Bij gebruik van besmette grond als inoculum werden lage virusconcentraties 
gevonden, zowel in zijwortels van de resistente accessies Holly-1-4 en WB42 als in 
de partieel resistente cultivar 'Rima' en hoge virusconcentraties in de vatbare 
controle cultivar 'Regina'. Wanneer echter een zoösporensuspensie van P. betae 
gebruikt werd als inoculum, werden in Holly-1-4 en 'Rima' even hoge 
virusconcentraties waargenomen als in de vatbare controle, terwijl slechts in WB42 
een lage virusconcentratie werd gevonden. Dit verschil in virusreplicatie in Holly-1-4 
en WB42 was een eerste indicatie voor de aanwezigheid van verschillende 
resistentiemechanismen in deze accessies. Vervolgens werd de lokalistatie van het 
virus bestudeerd in semi-dunne coupes van zijwortels. In WB42 werden slechts 
kleine virusaggregaten gevonden, die bovendien beperkt leken tot de epidermis en 
enkele schorsparenchymcellen. Evenals in de vatbare controle, werd het virus in 
zijwortels van Holly-1 -4 waargenomen in grote klusters zowel in de epidermis en in 
het schorsparenchym als ook in de endodermis en het interstitieel parenchym. Uit 
deze proeven bleek dat de resistentie in WB42 verschilde van die in Holly-1-4, 
resulterend in verschillen in het niveau van resistentie. 
Vervolgens werd de overerving van virusresistentie in de accessies Holly-1-4 en 
WB42 bestudeerd. Kruisingen tussen deze accessies en de vatbare kroot 'Queen', 
resulteerden in F1 planten, die vervolgens werden zelfbevrucht ter verkrijging van F2 
families of werden gekruist met vatbare mannelijk steriele MS-2 planten voor de 
produktie van terugkruisingsfamilies. Ter bepaling van het resistentieniveau in 
individuele planten van deze kruisingen werden resistentietoetsen uitgevoerd met 
zaailingen, die geïnfecteerd werden door gebruik te maken van met rhizomanie 
besmette grond. Teneinde verhoudingen tussen resistente en vatbare planten te 
schatten werd gebruik gemaakt van de methode van mengselmodellen, waarbij de 
waarschijnlijkheid dat de virusconcentraties in planten van een familie normaal 
verdeeld waren vergeleken werd met de waarschijnlijkheid dat deze uit mengsels 
van normale verdelingen waren samengesteld (Hoofdstuk 4). De hypothese dat 
resistentie in Holly-1-4 gebaseerd is op één dominant gen werd geaccepteerd. Dit 
gen was al eerder Rz genoemd. Voor WB42 kon echter geen onderscheid gemaakt 
worden tussen de hypothese dat resistentie gebaseerd was op één (of meer) 
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dominante genen, met een verstoorde uitsplitsing in kruisingen met subsp. vulgaris, 
of de hypothese van twee complementaire dominante genen die beide nodig zijn 
voor de resistentie. Bovendien bleek opnieuw dat de resistentie in WB42 effectiever 
was dan in Holly-1-4 en dat dit verschil ook in volgende generaties tot expressie 
kwam. 
Voor verder onderzoek naar de overerving van resistentie werden 'random 
amplified polymorphic' DNA (RAPD) merkers voor rhizomanieresistentie ontwikkeld 
door gebruik te maken van 'bulked segregant analysis' (Hoofdstuk 5). Naast 
uitsplitsende families van Holly-1-4 en WB42 werden in deze studie nog twee 
andere families meegenomen, gebaseerd op de accessie R104, met resistentie uit 
de subsp. maritima, en de accessie R128, met resistentie uit snijbiet. Doordat de 
oorspronkelijke resistentiebronnen afkomstig waren uit verschillende landen, werd 
verwacht dat deze accessies wel eens verschillende resistentiegenen zouden 
kunnen bezitten. RAPD merkers, die gekoppeld waren aan resistentie, werden 
gebruikt voor de ontwikkeling van genetische kaarten van het gebied rond de diverse 
resistentiegenen. Enkele RAPD merkers werden gevonden die zowel in de 
uitsplitsende familie van Holly-1-4, als in de families van R104 en R128 
geamplificeerd werden en sterk gekoppeld bleken te zijn. Deze waarneming wees op 
geklusterde of identieke resistentiegenen, waardoor het moeilijk of zelfs onmogelijk 
wordt om de resistentiegenen, die in deze drie accessies aanwezig zijn, te 
combineren door middel van kruisen. De verdeling van twee sterk gekoppelde RAPD 
merkers over resistente en vatbare planten bevestigde eerder verkregen resultaten 
van de uitsplitsingsanalyse met behulp van mengselmodellen. Voor WB42 werden 
uitsluitend RAPD merkers gevonden op een relatief grote afstand van het 
resistentiegen. Drie RAPD merkers werden omgezet in 'sequence tagged site' (STS) 
merkers, die stabieler en direct geschikt zijn voor gebruik in veredelings-
programma's. 
Tenslotte zijn studies uitgevoerd naar resistentie tegen BNYVV door gebruik te 
maken van kruisingen tussen Holly-1-4 en WB42 (Hoofdstuk 6). F2 families werden 
verkregen door zelfbevruchting van F1 planten en terugkruisingsfamilies door 
kruisingen tussen F1 planten en vatbare mannelijk steriele MS-2 planten. Door 
middel van kastoetsen kon vastgesteld worden dat er zowel resistente als 
uitsplitsende F2 en terugkruisingsfamilies verkregen waren. Teneinde de 
uitsplitsingsverhoudingen vast te stellen werden opnieuw mengselmodellen 
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toegepast. De aldus verkregen resultaten wezen erop dat de resistentiegenen in 
Holly-1-4 en WB42 weliswaar niet allelisch, maar zeker sterk gekoppeld zijn. Deze 
hypothese werd verder getoetsen na uitvoering van PCR-analyse met 'primers' die 
STS merkers voor rhizomanieresistentie amplificeerden. De hieruit verkregen 
resultaten bevestigden de uitsplitsingsresultaten verkregen in de kastoets zodat 
geconcludeerd kon worden dat de resistentiegenen in Holly-1-4 en WB42 inderdaad 
van elkaar verschillen en sterk gekoppeld zijn. Om de identificatie van een nieuw 
resistentiegen in de sectie Sera te onderstrepen is voorgesteld om de naam Rz2 te 
gebruiken voor het resistentiegen in WB42. In navolging hiervan wordt voorgesteld 
om de naam van het resistentiegen in Holly te veranderen in Rz1. Het bleek in 
sommige gevallen echter niet mogelijk een tweede resistentiegen in WB42 uit te 
sluiten, zoals in Hoofdstuk 6 ter discussie wordt gesteld. Kruisingen tussen andere 
accessies zullen in de nabije toekomst geanalyseerd worden om na te gaan of de 
genen in deze accessies allelen zijn of niet. 
In Hoofdstuk 7 tenslotte, zijn de verkregen resultaten samengevat en nader 
besproken. Pas na isolatie van de thans bestudeerde en gemarkeerde 
rhizomanieresistentiegenen zal meer duidelijkheid worden verkregen omtrent de 
vraag of er in de diverse resistente accessies inderdaad sprake is van genen, die elk 
een verschillend afweermechanisme bewerkstelligen. Indien dit het geval is, dan 
kunnen deze genen door middel van transformatie gecombineerd worden ter 
verkrijging van cultivars met een hoog resistentieniveau. Daarom is in dit laatste 
hoofstuk tevens aandacht geschonken aan recente ontwikkelingen met betrekking 
tot het isoleren en kloneren van resistentiegenen. 
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